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FOREWORD 

ThU report wtm  prepared by C. J. Felcteanie of the Environaentel 
Control Branch. Vehicle Equlpaent Dlvlalon. Air Force Plight Dynamics 
Laboratory, Hriqht-Pattereon Air Force »sse, Ohio.  The study was eon- 
ducted under Project 6146, "Envlronaental Control Systeats for Military 
Aircraft." 

The report describes the prograa conducted during the period fro» 
June 1975 to April 1976.  It contains the results of experlasntal and 
analytical work on electronic equipment air- and liquid-cooled cold 
plates, and cold plates provided with heat pipes. 
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ABSTRACT (CONCLUDED) 

k' 

■or« iflpilflMM for the cold plates without extended surf aces, perticu- 
lerly for the ones of larger hydraulic dlaaetera.  Neither the heat- 
transfer coefficients nor flow distribution were significantly affected 
by the aanifold configurations of the cold plates equipped with conpact 
heat exchanger cores. 

Cioae temperature control of cold plates can be achieved by the iw« 
of variable-conductance heat pipe*.  Themal cycling caused by heat load 
changes or heat-sink tM^eraturc changes can be significantly reduced by 
the application of heat-pipe technology.  Unifoni teaperature snunting 
surfaces, often a requireaent In Microelectronic circuit design, can be 
conveniently provided by using heat pipes.  However, high dynamic 
force», experienced in advanced aircraft, will u^ose visitations on the 
application of heat pipes to avionics equipaent cooling. 

Although the data presented In this report will not provide an- 
swer» to all problesw and conditions occurring ir. cold-plate design, 
paraaeters affecting heat transfer and flow distribution have been 
identified and their effects upon the themal perfonsance of cold plates 
determined.  Electronic equipSMnl standardisation, presently under 
consideration, should lead to standardisation of cooling devices and 
aysteaa.  This condition will sieplify design of the thermal control 
system and provide the cooling required for equl;*wnt reliebility and 
iaproved performance characteristics. 
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SECTION I 

INTRODUCTION 

-ircr.ft rely «or« «nd »ore on «viomc,  con.«qU«ntiy, 
=• of th. «ircr.ft  i. baco.inq clommly rrnUfü to tlwit of  the 

eUctron»c equlcnt.     The el^tronic  .y.t— „. growi^  in co«, lexity 

t!r^    ^ "'ultln9 icrocircuit eppiications.     Although ^cro^nU- 

P." ^t^^ri^r^*'".1'" t0tal Wr'   "■ P— d—ity   (-tt. 
Hrc^tiv      Zl  A STTSl ,,,UCh hlqh*r th'n th*t of conventional 
crirJÜ^:    "^  '1UKM "•   th- '-«Ponent and package  level  have  m- 
STIS      iflTJ! rClt  C*U'in9 difficu^t.. in raving the 
waite heat.     It   i. known fro« experience that operating te«per«tJe i      . 
«jor factor  m electronic. reliabUity.  «I f^ure StTStoM 
to te.p.r.ture.    Operation of d^ice. and circuitry at eUv«L tÜ' 
perature. uaually r«,uire. derating   (operation at  less than design 
capacity)   to satisfy reliability goaliiT ^ 

.1« ^LÜ^^UHTSl lndVC9d * hA9h t«^"^".  -tres«. are 
r*^ ?r^ 5    ^ cycling.     B^au«, of then-l  cycling,  failure 
^r?J      r*!!        y""1"111» •" ord«r o' «-gnitude have been re- 
ported,    furthermore, aost  transistor circuits in present use require 

Joi tÜ^ 'T'    A1'0'  ?~? Unit• r^ul" ■ relatively nar- row taaperatur« range for proper perfonsance. 

. P10" "•  Sff *■!■  thermal  condition,  to consider  to  i^rove 
«wponent reliability.     (1)   te^erature level     (2»   th-r^i 7r Ve 
tti  - - - ,- '       vw^^im.»«« ievex,   (^j   thensal cycling, and 
(3)   te^erature .inifo«ity.    Heat  re«,val and thensal control,   there- 

Mi/ZJS! -**-*"—* dMi,'n •«  the entire  ther«!  control 
STZJI^JTjT^iiS!!!. 0f  l0W t«^"tu" gradients  between  the 
«f ^K! te«perature .ensitlve part, and circuitry.     Selection 

c^lui^;     ' " I>"1 ■hould *• 9iv«n  ^ ~ny P.rt^ular 

heat iraM^^.T1**'"!!!011'19' '•"•"11y *" •• the three ba.ic 
.„„        ! f    u l       "  eon*™*"»*'  convection and radiation)  are 

taking part in heat dis.ipation.     The relative importance of each iLe 

STaZr T ^rm*1  ^""^ of  the egu^ent,  LTtS^ST 
heat sinks,  and other considerations like weight,  volu«,  and cost. 
Natural  convection and radiation «ode. of  heat  transfer are u..d l^ the 
h^i ^ V    ^■'L'LV   "^ ^AP-ent.     For  electronic eguip^t of 
y^rÜS*; ^ "•' -**-; ^."P-tion rates,  for^d Section 
iaii-12 d^ ^  i^ir' ■U't Ü 00n-idÄ"d-     forced convection 
i^i. ?    ^ ^ diviJ«d  into direct and indirect cooling  techniques. 
While  in  the direct cooling syste« the electronic components aLor 

e^^nt ^ *"' d0" ^ CO-  ln direct cont*ct «^ the 

M 
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Indirect cooling, considered under thla effort, htm  the following 
•dventagee over lanersion or direct fluid coolinqs  (1) eesier «cceasi- 
bllity for «aintenance, (^) BMller Mount of coolant (liquid) within 
the systea, (3) lege sealing probl«M, (4) aia^ler and lighter cooling 
•ystea, and (5) the ability to use coolants with better thermal proper- 
ties.  This oooling technique is Knovm as the "cold plate** principle. 
in this cooling technique, the electronic equipment is Mounted to cold 
plates through which the coolant is circulated.  Depending on the heat 
loads and thermal requireaents, liquids or gases can be used as the heat 
transport fluids. 

Altwugh cold plates have been used in electronic equipment thermal 
control, very limited infonsation can be found in the open literature 
about capabilities and thermal performance characteristics of such 
plates. This effort, therefore, will be Minly oriented towards col- 
lection and presentation of available data, including some analytical 
and experimental work in areas where information was not available. 
Included will be performance characteristics of liquid-cooled cold 
plates, air-cooled cold plates, and cold plates provided with heat 
pipes.  In order to establish confidence in the analytical procedures 
and discover deficiencies, the analytically predicted thermal perfor- 
mance of the cold plates will be compared with actual test data. 

The cold plates shown in this report are generally of experi- 
mental nature, and might not present the best possible design features 
and performance characteristics. They present, however, the general 
thermal capabilities of the different cold plates tested, and allow 
determination of parameters affecting heat transfer and flow distri- 
bution.  The extensive experimental work also provided infonsation about 
problem areas which need further exploration and development work. 
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SCCTIOM II 

THERMAL REQUIREMENTS OF 
ELECTRONIC EQUIPMENT 

' 

of  ion, lif..  Wgh r.U^Ulty ^ prfor^nc. of .l.ctro,uc ^u^Z! 

biHtv.  and failur« rat«* «r« coMonly r«Ut«d to UM  Junction ttapar- 
«tur«.     Although .l^tronic «qulp^nt r.llabiUty  U -ffactad byTuMr 
•nyironmnt«,   fi.ld exparience  xiKllcat,. UMI ■ .igniflcant nmLt of 
lirSZ "^ fro",t«^«*t"'« «tf-ct..     «ft, minimif th. f.ilur. rat« 
and achieve .ucces.ful operation of electronic equipaent.   low.  «table 
temperatures are required. ^ '    W*1* 

It  i. recogmwd that th.™.l de.ign i. a« ij^ortant at circuit de- 
.ign because t^perature effect, can determine the  life of electronic 
part, and circuitry.    Heat degrade« bulk characteri.tic« and ha« a de- 
generative runaway effect on junction characteri.tic.    Tto protect 
again.t U.i.,  current lifting fu.e.f   te^erature co^Mnwting cir- 
cuitry,   tw^erature «en.itive bypa.« diode«, etc.  are nece«.ary for 

a3I.rqUi,Tr?tJP'raii0n ^ "^^i^y-    Te^eratur. effecJ. c^ be 
ll^Z    L^t,,        m   0ll<W,     (1,  ch-lc*1 c»-»9" -hich cauae cor- 
^IMJ^*       ,     t00'   U)  ^*ic*1 <**ng".   including change, in cal- 
ibration,   in.ulation daaage,  ar.-l weakening of lead« and bond«)  and 
(3)  electrical change, which cause drift of component characteri.tle.. 
.■l«ctrical  noise,   and «pontaneou«  switching of   logic circuit..     There  1. 
a MxiBiua te«perature at which the ability to tune the circuit becoae. 
extre^ly difficult becauae of thermal noi.e and rapidly changi^SIIc. 
characteri.tic.     Furthenwre.   the  trend toward fa.ter logic circuitry 
require, closer «pacing of component« to reduce the delay in «ignal 
transmission.     Besides electrical problems,  closely-spaced coaponents 
-I!;" ^lOU"  th,,r~1 probl8to-    Thu-'   S *—* »P-cing of^onents 
■ean. that »re powrr «u«t be dl««ipated per unit area.     It can gener- 

c'iJcuU 351Ä! ClrCUlt tW"tUr< —itivlty is increaaed with 

Semiconductors  include such components as transistors, diodes,  in- 
tegrate circuits,   rectifiers,  etc.    All of  these co^onents aie tem- 
perature liaited.  depending on the type of electrical  Junction con- 
struction and the basic samiconductor material  forming the dvvice.     Most 
samiconductor. are smde of germaniua. or  silicon material,     t^xi.» 
junction temperatures for germaniu« devices are quoted a« nigh a«  lio'c. 
■*— ■JUS; ^r1"1 200C'    ?»■ 'Ctu*1 oP««tlng t-^eraLes. 
however,  because of circuit performance requirement« and reliability 
specification.,  dictate auch lower  Junction tw^eratures.     In .any 
inatances a  125 C Junction or «ilicon chip teaperature is set as a 
typical conservative upper limit for reliable operation of present-day 
■icroelectronics.     This U«it is also enforced for equipment to be 
installod  in aircraft presently  under development.     Silicon  Junction 
t«»*er«turws in «p.c. flight and computer equip-nt are often specified 
in the range  from 70*C to SO'c.     Reference 1 points out that silicon 



device« operated «t JOO'c will ««ye 10.000 r^M« faster then the MM 

device« «t 13S*C. The effect of « 200*C teaperature. cohered to  one at 
US'c, i« aqiiw) at a i «te 170 tiae« faater. 

In addition to the «tr«««e« induced by hl^h tsaperatures, addi- 
tional «tresae« are cauaed by theraal cycllnq.  Ftudie« perforaed by the 
Navy (NADC) reveal that taaperatur« cycling has significant effect upon 
the raliabillty of electronic equipaant.  tefarence« 2 and ) indicate 
that teaperature-cycled pert life «ay be «ix to «even tiae« Us« than 
■lailar part« operated under conatant teaper«ture condition«. Cracked 
insulator case« and open circuit« between the device« and lead« are 
cc««K>n failure aodes cauaed by theraal cycling ot shock. Heraotic 
«eal«, particularly the «oft-»older type, are affected by high «urfac« 
teaperature« and teaperatur« cycling. A «uccessful cooling «y«t«a for 
electronic coaponent«, therefore, not only facilitate« operation at 
reduced teaperature, but aust also aoderate therael cycling reeulting 
froa variations in power dl««lpation and/or haat-sink teaperature 
changes. 

Another laportant theraal requlreaent i« teaperature uniformity. 
Unifora cooling i« laportant in circuit« that have coaponent« in paral- 
lel a« difference« In teaperature can cause unequal power loading of the 
coaponents.  Unifora cooling i« al«o laportant in circuit« where di«- 
tortlon of «ignal or calibration change« aay be cauaed by difference« in 
teaperature.  Unifora cooling ha« becoae increaaingly laportant as 
electronic speeds have increased. Packaging denaity aust be signifi- 
cantly Increased for very hl<^-«peed logic circuitry.  It i« laportant 
to the circuit deaigner that tue entire cold plate or circuit board i« 
at a unifora teaperature because coaponent layout ba«<>£ on the".aal 
con«iderationa can be eluainated. 

Reference 4 point« out that therm«! design of aicroelectronica eust 
«atisfy the following two general requlreaent«t  (1) provisions aust be 
aade to limit teaperature variations within an electronic syetea to 
certain aaxiaua and alnlaua, and (2) teaperature variations froa point- 
to-point within a systea »ist be kept to a ainiaua. These requlreasnts 
■ust be satisfied for optiaua perforaance and reliability of the elec- 
tronic systea. 

The aost teaperature-sanaltlve type« of allltary avionic equlpaent 
are coaputation, co—am IcatIon, aultlaode radar antenna«, electronic 
counteraeaaurea receiver«, «nd navigation equlpaent. The deaign point 
of the cooling ■y«t«a for thi« equipasnt la generally specified a« lOO'c 
suiximai for extended nora«! operation. 

In «uaaary, there are thr<>e baaic thenaal condition« to con«ider to 
insure electronic equlpawnt reliability and perforsiance:  (1) te«f>era- 
ture level, (2) teaperature cycling, and (3) teaperature uniformity.  In 
deaignlng a thuraal control i.y«tem for avionica equlpaent, all of the«« 
requlreaent« aust be satisfied aa closely a« poasible. 
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SECTION III 

ELECTRONIC EQUIPMENT MOUNTING 

«conductor <tevic« «r« widely UMd   in pr«Mnt-d«y .vlon.c  ^.- 
'    "^ of  "*• ^Ih-power dtvic «re dctiqiwd for stud or  flaniw 

-ountin, .nd .« provide wltr. .  n«  .urf^e  to in.ur, <,«d th'ri^ 
contact «ith th. h«t .i^,.     A qood conduction p.th bet^h^t^- 

h..t  r.aov.1.     A  thin »it qmp or  tlim cmn c.u«.   Urq«  t^peratur« dif- 
tllllHHIl i^— th. .i^tronlc oo^on-nt «K1 the h^rH^      Thf 
JSTJiSSS" !^id S ,MChln*J fUt' >■< -S noncorro^w. fll. fini.he.,   .nd  for b..t  ha.t   tr.n.f«  r..Uit..   .pplic.tion of  dl- 
icon. 9,MM. to .u.in.t.  th. ,ir ^ h r^Lnd^j 

. ^ÜJ ^1. f^«"d «"h th.lr c... .Lctnclly con- 
^TT^ "** UrAn*l8tor •l—nt..    such tr.n.i.ton r«,ulr. 
in.ul.tin, «..h-r..  ** th. th.r«l  r..i.t«,ce fro. th. c... £ t£ h..t 

^S    i^h ^!r' ~y *" 0th*r  thanMi   int"«-c.-   in  the heet-tr.^ .r path,  .uch .. b.t»^.n clrcult-crd th.nMl.«untinq pl.t.. .nd th. clrd 

f-^/t'T^"!. th*t contro1 th* "«"«l r..l.umc. .cro.. «.t«! .ur- 

eooductivity of  th. «ting .urf.c.., .nd th.  int.r.tltl.l  fluid .nd 
pr...ur. b.t-..n th. Mtlnq rurf.c...     It i. rnommvU* that  to «.ur. 

- thin 0^1  inch,  «id .arf.c.. .houid b. fl„l.h.d to . tol.r.^. of 63 

If  th. lnt.rf.c. i. not prop.rly pr^>.r«l,   th. th.r«.l  r..l.t«.c. mav 

.nh.nll^ ^ r>ndt,Cti0n "5!  fr0* " l"" ■■ ■ «l-ctronlc dwlc. i. 
co^r^,^ T    '  l"9* COnrtuctor "0"  -ctlon..  obUining good  Joint 
g*yy**t^f —th surfe.  and.r  high pr...^ n«til by 

oo^r^!!*1 CtrcuitB ■■y »» «»I«» hy conduction .. well .. by 
zsnr ^ .tr*m,f'r 5 •n"ttr* ^ t-p.r.tur... -n« .i^x.n 
r^S * ,*!"">l1'  ■"'■"«■l ««"«q i« to bond Int^r.t^circult. tc • conductlv. l.y.r which 1. conn.ct«l to . hwt «ink circu". tc 



Either •lectrically conductive (»oft «older or conductive caaenti) 
or non-conductive (plastica or ceramic ceaents) bonding Materiel« aey be 
usfj, (Spending upon wdethc-r ieoletion i« required.  The ccnponent 
«'•tape, bonding technique, bond strength, and r^K>val requirwwnta, a« 
well a« themal conductivity, all enter into the choice of bonding 
agent. 

Reference S points out that the bond «hould be a« thin as possible 
and cover the Mitire bonding «urfece of the coaponent.  When a thick 
bond i« required for electrical insulation, appropriate sise glass beads 
may be included in the adhesive to support the coaponent at the proper 
distance during bonding.  When additional insulation is required, • 
ceraauc spacer «wy be bonded between the coaponent and heat sink. The 
thermal resistance of the bond will depend on the bond thickness. Joint 
surface area, and thermal conductivity of the bonding material. Table 1 
(Kef 5) presents typical thermal resistance values for bonded joints. 
Table 2 (Ref 5) presents thermal conductivity of typical electrical 
insulation materials. 

Reference 6 points out that some electronic parts are specified in 
terms of external surface temperatures at giver, locations, and the 
internal thermal resistances from these surfaced to the most temperature 
sensitive internal element« are given. Other electronic part« are, in 
general, rated individually for certain performarce at «pacified ambient 
temperature«. The ambient temperature for a part is the temperature of 
the surrounding medium in which the part must operate.  Ambient temper- 
atures, however, do not have siuch meaning with denvely-packed electronic 
systems.  The ataximum «afe temperature« nu«t be calculated, based on the 
part stress analysis, and must be consistent with the required equipsent 
reliability and the failure rate assigned to each part. 

The  internal thermal resistance of a solid-state device is ex- 
pressed in degrees Centigrade per watt (or also per milliwatt).  In 
accordance with Reference 7, the lowest internal thermal resistance is 
about 0.50C/watt.  Low-power transistors, however, have internal resis- 
tance« between forty and two thousand tines larger, i.e., 20oC/watt |o 
1000vC/watt (or l0C/aw).  It can be seen that regardless of the low 
power dissipation rates, case temperatures of the devices must be kept 
low.  The thermal resistance from the case by radiation and natural 
convection is usually very high, and the primary mode of heat transfer 
in cooling semiconductor devices is metallic conduction.  Reference 7 
also indicates that a power transistor which could dissipate 70 watt« 
when mounted on an infinite heat «ink at 250c had a maximum power 
dissipation of approximately 2 watts when mounted in free air.  Under 
the same conditions, the ssaller, lower-power devices had convection- 
radiation thermal resistances ranging up to 5000C/watt. 

Electronic equipawnt manufacturers furnish mounting hardware for 
the several types of cases and publish the effective thermal Interface 
resistance between the case and the heat sink, usually for stated torque 
or contact pressure.  The contact resistance varies with the surface 



T«bU 1.  Typical Th.r«.l to.i.tanc« of Bonded Joint, (fef 1) 

,- 

BOW) 
HATtRIAI. 

Soft Solder 
Epoxy Resin 
Aluwinum oxide 
' UUJ Kpotiy «•■in 
Aerobic Contact 
Cowent 

TH£KMAL 
CXÄiüUTTIVITY 
(wett/V  in) 

1.6 
0.005 

0.025 

0.005 

TYPICAL 
MM 

THICKWESS 
(inch) 

0.005 
0.005 

0.005 

0.001 

THERMAL 
RESISTANCE 

(0C/w«tt   in) 

0.003 
■ 

0.2 

0.2 

■Mt 2.     Then«! Conductivity of El.ctric.1  In.ul.tion HaterUl. 

INSULATION 
MATERIAL 

BeO Beryllium 
Al  O     Aliuranuir. 

2    S 
Mica 
PibarqlatB Epoxy 
Laninate 

THERMAL 
CONDUCTIVITY 
(watt/0C in) 

4.0 
0.65 

0.0013 

0.1 



fUtnMB «nd the torqu« appi lad to tighten the bolts. These variations 
can be greatly reduced by applying allicone coapounds to the Bating 
surfaces. These conpounds are grease-like silicone aaterial filled with 
heat-(inductive SMtal oxide. 

If the electronic coaponent Hist be electrically isolated frosi the 
heat sink, insulating washers Bade of Teflon, anodized aluainun. aica, 
and berylliuai oxide wist be used.  The choice of washer material depends 
on fragility, aase of assaably, cost, and aanufacturing nathods.  Flexi- 
ble materials such as Teflon and mica partly compensate for surface 
imperfections.  However, the heat-sink surface should always be reason- 
ably flat and smooth.  Beryllium oxide is brittle and anodized aluminum 
ii hard so that very flat mounting surfaces ara required for these 
materials. Table J of Reference 5 presents case-to-sink thermal re- 
sistances for typical semiconductor cases. 

ELECTRONIC COMPONENT 

f 

j-c 

Vs 

s-a 

RESISTANCE 
NETWORK 

Figure 1.  Component Mounting on Heat Sink 

Consider an ordinary air-cooled heat sink with a power dissipating 
device mounted on it as shown on Figure I.  Heat generated by the device 
flows mainly to the base of the device.  From the base it flows across 
the m-junting joint into the heat sink, then to the surrounding air.  The 
total thermal resistance, K^,  can be e; pressed as follows: 

j-c R    ♦ K 
c-s   s-a (1) 

— 
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C-b 

,'h*r« *j.c ■    ÜwrMl  resistance tram junction to Kuntinq 

therm*l rasistanc« fro« co^on«nt aounting base to 
heat sink   (interface thera«!  resistance) 

thörwal resistance betvMen the beat sinJi and the 
aabieit air. 

Actually,   the heat sink will also have a certain resistance to heat  flow 
and will cause a teaperature drop.     However,  because of the large cross- 
sectional area and high thermal conductance of  the Material,  this resis- 
tance  is usually neglected.    Whon the thermal  resistances are known, or 
they aay be Measured,  the junction teaperature can be deteminad frews 
the  following expression: 

'»• (",- 
♦ H 

t*-8 
♦ K 

.-.) (2) 

• 
where P is th« electric power dissipation in watts. 

If the baa« taaperature of the device is known, the junction 
can be dotermnad as follows; 

tura 

tj • tc ♦ PR 
j-c (3) 

Por determining the heat transfer rate and ta^>erature gradients 
within a cooling device, two general conditions of the hf>at generating 
component mist be distinguished!  (1) continuous wave and (2) pulsed 
operation.  In continuous wave operation, a steady-state huat trensfer 
analysis can be used on the cosiponent.  In pulsed operation, the Junc- 
tion temperature of the component varies with time. The average junc- 
tion temperature Is proportional to the duty cycle, while »he Mx.num 
and minimum junction temperatures are a function of both the duty cycle 
and pulse length. The pulse width, i. Is Interrelated by the expression 

d 
I Kl (4) 

10 



d 1. th. duty cycle «nd IW  i.  th. pulM repetition  frequency. 
Ä. duty cycle «UtipHed by   the p^ »duie output yield*  the ever.9e 
po«.r output of th. «dale,     figure 2 .ho., pui.ed o.oer.tion of ^ 
electronic coaponent. 

mm   ^ 

m 

.PULSE REPETITION 
PERIOD (1/PRF) -M- PULSE LENGTH, T 

' 

•MAX TEMPERATURE 

TIME.tdiS) 

rigure 2. Junction Te^er.ture UM V. Tl^ .. | Function of 
Pul.e Width end Duty cycle 
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SECTION IV 

HEAT REMOVAL CONCEPTS AND HEAT TRANSFER 
FROM ELECTRONIC DEVICES 

In mil  •lactronic aquipaent cooling, the thra« basic aodu of heat 
tranafar (conduction, convection, and radiation) take part in the dis- 
sipation of «Mate haat. The raiativa is^ortance of aach aode dapands 
upon the tharaal raquir^Mnts of the equipisant, available haat sinks, 
and the specific haat-raaoval concept employed. The predominant Modes 
of heat transfer in ordinary (planetary) envirorusent are conduction and 
convection.  Under space conditions, the predoalnant aod^s sre con- 
duction and radiation. This report considers electronic eq-iipaent 
operation in planetary envirorusent and the prlaary aodas oi  heat trans- 
fer considered are conduction and convection. 

Coaponents cos» in a wide variety of sixes and shapes and different 
■ounting provisions.  The high power density ca«ponents are usually de- 
signed for bolting to the heat sinks.  It is of isfortance in thensal 
design to provide a low theraal-resistance heat-flow path fro« the heat 
dissipating part to the ultimate heat sink.  The internal thermal resis- 
tance of the part (Junction to case) is set by the uanufacturer and can- 
not be changed.  Providing the proper heat-flow path fro« the «ounting 
surface of the cosiponent to the ultimate heat sink is the responsibility 
of the thermal designer. A «ounting joint between the co«ponent(8) and 
the cold plate will always exist.  When the component mist be electri- 
cally iaolatod from the plate, this joint will usually provide the lar- 
gest thermal resistance in the heit-flow path.  At the joint between two 
surfaces, there is a variable thermal resistance which depends on the 
contact pressure, the contact area, the suiterial, and the surface finish 
and flatness.  More detailed discussions about joint thermal resistances 
follow, when components sre «ounted on circuit cards, a thermal inter- 
face occurs between the cards and the card slots. 

Forced convection (liquid or gas) cooling systems can be basically 
classified as either direct or indirect.  In a direct syscam, the cool- 
ant is In direct contact with the electronic components. Heat is trans- 
'•rr#d directly from the heat-producing parts to the coolant. Forced 
convection In this case Is the primary «ode of heat transfer tro« the 
part.  In the indirect syste«, the coolant does not coma in direct 
contact with the electronic co«ponrnts.  Heat is re«oved fro« the elec- 
tronic components by conduction to the plate or chassis and fro« there 
by convection to the circulating coolant.  For electronic systems having 
low or «edlum heat-dissipation ratea, air cooling, because of Its avail- 
ability, provides simple, cheap, and effective cooling. Both direct and 
Indirect air cooling have been extensively used.  However, since alx 
often contains large amounts of moisture and duat, there Is a tendency 
and sometimes the requirement to eaploy Indirect air cooling by the 
application of cold plates or chassis. 

12 



^ w.tt./in  ,  forcwl «ir ooolinq should b* uMdt  «nd  (1)   if »K. «— 

fllic oo^ioction p.th. fro. Mi h«t ««rcH to th. 1^^^ 

lndividu.1  »ld-.t*t« (tevic h.v. .ych «Mil  .r#*.  th.t  n.tur.i 
commotion «od r^.tlon fr« th- .r. r.l.t.v.iy ^"^twi      ^ ^o- 

To *c«wpU.h effective  thanul  deaiqn of  «ny mlmctronic Amvir* «r 

tion r.t«,  «nd int.rn.1 *nd «t.rrMil  then-i   r..i.L,nc.. Lmt b. k^-T 
Por .t«nd.rd .«.icoreJuctor..   th. ov.r.U  ZSSSZ^JmSL 

-ight b. giv.n dir«:tly or it can b. clcuUt^l fro. SS MSTSM 

i-t 
J"*« 

- t 

($l 

ror mMMmplm,   it  t)llM - 200
oC «t q - 0 »«tt. 

and «t tj. - 250C, q - 100 wattsi 

then, Rj.c 
200-25 
"lOO 1.75,C/watt. 

ature of the device can be detained fro. the followinq  ,1, 77^ 

c( allow) ' tymAx (Vc) (6) 
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rot l*,   it a tr*n»i«tor with  B,.r -  l.li'c/vtt dUnlpatcs  SO Mttu 
tha MKiw aUowabl* C«M  tMiparatur« will  kw 

(tux.  allow) •   iOO-W   (1.75)   .   112.S«C 

*>«t of tha high-powar coa^onanta ara dasiqnad for bolting to a 
h«at «ink.  nia tharaal raaiatanca fro« tha caae to tha haat alnk In- 
cl-iaa tha Joint thermal raaiatanca and insulation tUraal raaiatanca if 
an insulator ia usad.  Inaartion of aoft naterials and application of 
ailicona «raaaa at aountinq surfacaa will raplaca air and rcduca tha 
na^ for parfactly flat and Maooth surfaces.  Tha tharaal intarfaca in 
tha heat-flow path froai the coaponant case to the haat sink is a signif- 
icant paraaatar in tha analyais of conduction cooling of electronic 
devices.  For a aora camvlmx  joint, it is alaost always necessary to 
■aka tha evaluation experi«antally or search for a siailar situation in 
tha literature. 

14 



SECTION V 

CONVECTION HEAT TRANSFER 

' 

at IT ^"^ction h^t  transfer,   it x. fit th-Tl^t .ÜL-v 
of  thx. x-j«rt*„t «d. of h..t tr.n.f.r will  be of bi^ftt to th^r 

discover  that   l^ra» «4« ##..._ »*t™«»«Bnc«i  worx often 

rr« »K..                   ^ ""»«Aopea,  i.e.,   UM heated section is iocet*d f*r rro« the  tube or duct entrant»      *i«« . *v»c«cea i«r 

JK to.t ^r.o; ^  ^    i- 0f ^»^"tion.    .ny fitting ciosHo 

now. Beiü^ „o i ^:? ü^ir,;;^ '^ g» ^»^ 
Usiiner,  «nd ebove  10 OOTM     #I d flo,' ls con»W«red •■ 
betten thTtCrvIl^Ldtf0",?0""11' ^"  ^   ^^^'     ««ults 
consulted for^ ^ "Jorilto;      SLCSÜ*!   ^  llte"t^ ■"« be 
turbulent  fla«.^.    ^11?" ri^";^0 l^1^ ^  "^  fo- 
ImUm flow.     Hernett eT.l   (^J  Äei^nf^T  ^ ^ * 
dyne-ic entrance  region for  i«.««;'^";" ecU^I 0^1|

th'ir
ro- 

found that  the entrance conf iquration had  Uttir^J^t J^tll Jl **" 
dyna.ic entry  length  for  Reynolds nu^ers b^ ^i 2^    Jut  h-T T'0' 
effect above the value of 2000.    Hartnett ueiTt^;,^,^ *  '"^ unvu  me loiiowing «'xprossiom 

lb 



te (7) 

where C is approxiMtely 0.033 for an aspect ratio of 1C to 1, 0.046 for 
an aapact ratio of S to 1, and 0.057 for an aspect ratio of Itl.  It can 
b« seen that the aspect ratio has effect upor the entrance length. The 
lower aspect ratio ducts require greater length for the establishment of 
fully-developed flow.  It is iaportant to not^ that the critical Rey- 
nolds nunber is affected by the entrance manifold configuration. This 
also has been found fro« experiments performed under this study.  Levy 
et al (Ref 10) found that, for a rectangular duct with an aspect ratio 
of 2S to I, the combined thermal and hydraulic entry length to diameter 
ratio was 55 to 65 diameters, in contrast to circular tube values on the 
order of 15 diameters. The reference also notes that at high Reynolds 
numbers (approximately Re - 24000), the flow does not become fully de- 
veloped, even at an L/Dh ratio of 114.  Numerous experiments with flow 
in noncircular ducts prove that thermal entry regions are mich longer 
than those in circular tube*. 

It should be further noted that for duct shapes with sharp corners, 
the local heat-transfer coefficient varies aroind the periphery of the 
duct and approaches xero at the corners. Assumption is also generally 
made that tin heat-transfer coefficient is constant along the length of 
the fin.  SOSK» investigators, however, have shown that this is not true 
for all conditions.  Reference 10 indicates that the local heat-transfer 
coefficient around the tube wall can vary from 0.1 of the average value 
to over 2 times the average value.  The assumption of a constant heat- 
transfer coefficient along the length of the fin can be made only under 
conditions when the fins are highly effective (temperature is almost 
uniform and equal to the plate trmj^rature). 

The basic equation for convection heat transfer is 

hA ('.-■,) (6) 

on the heat flux per unit area of the wall 

p/A 
('.',) |t«1 

li 



US'! S iS.thL*,*U  t^Per*tur*'  tf  i« th« cooling fluid t«p.r*tur.# 
•nd h i» defirMd •• th« h««t-tr«n«fet r»ie divided by  the- t^!^ 
Pjr.ture diff.r.nc« «win, th« h^t tr.n.f.r.       sin« th« h^t  flux i. 
ofun v«i^U ov«  th. .urf.ce .rM.  th. »«.t-tx^.f.r oo-ffxcl^. L 

(9) 

" 

al-^V XOn hMt-tr*n«'" co.ffici.nt. «top.nd on flo« r.- 
^M .nd can v.ry wxthin a  vary wid. ran,.,   for .»«plirwith g.M..   h 
c.n rang,  froai apHroxi.at.ly 2 to 50 Btu/hr  ft1   V. 

in ord.r to corr.Ut. ««perlBontal daU.   the Mil know Huss.lt 
.xpr.ssion can be us.di mtaumn 

Nu - c  (Re)"  (Pr)n 
(10) 

Nu -  —  is  the Nui-selt   num»- r 
(11) 

-  *& im th. Meynolds nu«Ur 
(12) 

c u 
?r  '  ~k~ it  the  ,'r*,,d,1   num»Kr (U) 

de^nJ ^hf r    ^r'^1'  ■ ■"d " *" ««»-rnrnt.  the v.lues of which 
n£      ^r.       confiqur.tion and  the d^r.. of   turbulence of  the coolant 
flow.     Uiftcrent  values of C and n hav,-  also been  found  for  heatinq and 

«pr-jio«  is WHc^le for all   fluid«,  whether   u.  th,-   l.^u.d or^..- 

17 
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^ —— — ^    THICKNESS Of j 
BOUNDARY 

i     LAYER 

Plqurfr  3.     Flow Over a Flat Plat« 

Oonaidar first tha siaplaat caaat     flow over a flat plata aa 
In Figure  3.     Under  laalnar  flow conditiona,   Reference  11 gives  the 
following eapression for the  local  heat-tranafer coefficient: 

h    - 0.332 k  (Pr)' 
x 

/i V^T (U) 

Nu^-h^- 0.332   (Pr) 
v       V (15) 
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hMt-tr«n»fer coefficient ii 

.1  >. 
7    J    n dx ■ 0.664 MPr) «/' (16) 

h • 2 h 

Nu - 0.664 «Re)1/' (Pr)'/' (17) 

All U» result« «re valid for Pr greater then 0.5 end um for» tM^ere- 
ture of the plate. 

For laalnar flow inside  saooth tubes,  under fully-developed ve- 
locity and tenperature profiles and consUnt heat rate.  Reference 9 
gives the following expression: 

hD 
Nu  -  — •  4.364 

(ID 

and for constant surface  tea^eratuie 

hD Nu - ^ -   3.658 

and Tata (Ref 12) suggest the following eapirical equation for 
both cooling and heating of viscous liquids at laminar flow: 

Nu '•« {«••■''•E),/'(*-) 
o.i«. 

(18) 

The fluid properties should be evaluated at the arithmetic s>ean bulk 
temperature where i^ Is the absolute viscosity at surface tes^erature. 
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For Moderate tMperature differences between the wall and coolant, the 
ter» (w/Uw)0'1* approaches unity, and 

Nu - I.S6 /«• • Pr • ~ J 
»/i 

(i M; 

Reference 13 recoonends the followinq e^irical expression developed by 

m  - 3.65 ♦   0-0668 <D/L) Re » Pr 
1 ♦ 0.04 ((D/L) to • Prl7/' 

(19) 

The equation gives the average Nusselt nunbar for uniforn wall tenpera- 
ture and fully-developed flow. 

for the transition region (Reynolds numbers fro« 2100 to 10,000) 
the Nusselt type equation based on the work of Hausen is: 

Nu - 0.11ft [(He)'/' . m]      (Pr)'7' (j-)'" [l ♦ (f)** ]  1 20) 

Although lanmar flow has .advantages as far as pressure drop, 
acoustic noise, and power ruuqireiients are concerned, turbulent flow ii 
desired because of much higher heat-transfer coefficients.  This is 
particularly true for air cooling. Por air cooling. Reference 14 rec- 
OMwnds Reynolds nunbers within the range fro« 2000 to 4000 and higher. 
The upper Limit  of Reynolds nuiaber is dictated by pressure drop, power 
requireaerts, and acoustic noise. 

One of the earliest equations used for fully-developed turbulent 
flow in a sauoth tube is the so called Dittus - Boelter equation, sodi- 
fled and recomnended by McAdams as followst 

Nu - 0.021 (RH • .• (Pr) • .* (21) 
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' 

Th# equation W«s ba.ed on mxperimmntml data covering  the Prandtl  nu-h.r 

ZSfZZL* AI   ReyrK>ld"  nU^r8  fr0- l^OOO^to^O^  'a^D greater  than 60.    Thi. equation i. alao uaed for Re greater  than  2300. 

For  shorter channels where the entrance effect, mm be con.idered 

Nu -  0.036  (Re)9-1   (Pr)-'   (D/L)e-8Ss 

(22) 

Inl/n"9" t^l>,"ture SW"W between the fluid and wall, Refer- 
•nce 11 .ugge.t. the following equation to correlate experi-^tat^ta: 

Nu - 0.020 (Re)0-* (Pr)8'"' 
(23) 

This equation is valid for Re greater than 10,000 and tyt, up to 3.55. 

JT- l 
(L/D)1 (24) 

In  the R.,  range of 26,000 to 56,000,  experimental data for air with a 
bell-mouth«! entrance was correlated with C -  1.4 and n -  1      wuh R^ 

iTl"  t 1?'000'   th# •nt"nCe eff-Ct- «• "*"•* i tie r^on^f 
VD less  than 20.     In addition,   the entrance effect varies wit^ SM 
of entree,  .harp-edged entrance,  bell-mouth^d entree" etÜ ^ 

For rectangular tube, and duct, the Nue.elt number i. defined a.: 

Nu 
Dhh 

(25) 

^ 
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I 
- 

Plow area 
Dh perineter  ' 

(hydraulic diaaetar) 

^ • 

Thm  tranaitlon teynolda ni«b«r [ü^p/v)   i« found to be approxinately 
2300, the sane as for circular ducts.  Rrference 9 presents values of 
Nussalt nunbers for ducts of various cross sections and aspect ratios 
for fully-developed velocity and teaperature profiles. 

It can be generally assuwJ that for square, rectangular, and 
other shapes which are not drastically different fro« circular tubes, 
the developed equations can be used if the diaaeter, D, is replaced 
by the equivalent or hydraulic diameter, Dy,.  In accordance with 
teference 9, for such passages, the velocity and temperature profiles 
can be assuned to be developed within a distance of L/D - 30 fro« the 
entrance.  Passages of conplicated shape or with high aspect ratios 
require special relations.  For duct shapes with sharp corners 
(squares or rectangulars), the local heat-transfer coefficient varies 
around the periphery and approaches zero  at the corners.  It has also 
been four.d tnat a significant difference in heat-transfer coefficients 
occurs between the heated and unheated duct walls.  This condition is 
shown and discussed in «ore detail in Section X.  Reference 15 point» 
out that for practical applications the assuaption of a uniform heat- 
transfer coefficient is unrealistic.  The reference presents the 
following expression for the heat-transfer coefficient expressed as a 
function of the distance x fro* the fin base: 

(V ♦ 1) h ■ IV (t) (M) 

with linear in h, Y * 1 

with parabolic increase in h, \ - 2 

Information about the nonunifor» httt-transfer coefficients along ex- 
tended surfaces, however, is liaiit'id 

Cenerally, in heat-transfer equipaent, high air velocity can 
cause objectionable noise, depending on the plate and fin or tube and 
fin airanqea»nt.  If objectionable noise develops, its effect can be 
reduced with sound absorbers.  Increased air velocity increases the 
heat-transfer coefficient, but also increases the required blower 
power.  It is generally recosriended that heat exchangers be designed 
for a Biaximun air velocity of 800 to 900 tt/min,  unless stringent 
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' 
•pac« requlr«^nt. outweigh th. objection, »ntioned «bov..     Turbu- 

J«uU^l^ JUT  ^t?": air  flOW im ,te>ired beC-u-  turbulence 
Üllt  noi? " bOUnd*ry  lmv" "* r**™* '^«^l  re.i.fnc. to 

The gen.r.1 equatlo«. pre^t«d  in h«.t-tran8fer t.*t and hand- 
book» have  rigorou. .pplictlon. only when «  hydrodyn«ic  starting 
Ungth  l. provided BO that  the  '.loclty  ptofUe  is  fully developed 
before heat tran.f.r .tart..     Such condition.,   hoover,  ar.«^ 
TiZTJt      JL"^1 he-t-t"n-f« equlp^nt.     The .tandard *>lv- 
n^Hr.ll h^e^r'i"«lle« approxi-tion.  for  fluid. who.e Prar It 1 
i^T!«««.     'J "i^lve  to on.   (1).     Reference 9 give,  the  fol^ - 
ing .Kpre..ion for detemining di.tance  for fully-developed flowi 

Dru 1 Iy dev. 
- 0.05   (Re)    (Pr) (27) 

n~, rutt
l\*

rm>r9'  th* literature cover, two general boundary condi- 
tion..  (Da conatant heat rate par unit of tube or duct length and 

niLl  "JÜS    C9  t*,,^"tur*- •**  eonatant heat-rate Nuawlt 
nZHr      ^1^  9r*?t!r '^ "** con-t"t »urface-te^.rature Nu...lt 
number,  howev.r. neither of the above condition, occur, in actual 
•lactronic-aqulpwmt cooling apparatu«, particularly in cold plate.. 

a.   Heat Tran.fer fluid. 

Both liquid, and gaa«. «re ext.n.ively uwd in cooling of «Uc- 
tron c ^juip^nt.  Becau-e of their better th.r-ophy.ical propertie«. 
i ^ IT     !5 «•"«ally u.ed for high packaging den.itie. and 
high heat-generation rate., for equlpwmt of low-power ganeration 
rate, and packaging den.itie.. air i. on. of the »o.t de.irabl« cool- 
ant, becau.. of it. availability, low coat, aaf.ty. and dielectric 
Propertie..  On the negative aide, however, air ha. the poore.t heat- 
tran.fer propartia. of ^y  of th. .tandard coolant.,  it^l«, can 
generate «igniflcant aaount. of acou.tical noi.e at high flow veloci- 
ty.  Hydrogen i« by far the »o.t efficient of the gaaeou. coolant., 
but becaua. of .af.ty con.ld.ration. it i. not r.co«.nd«!.  Iteliu.. 
th. PrMna, and carbon dioxide are all ganenlly .up.rior to air. 

in ^[iL9rL0th,!;.th*n air lB "^ " • ««l*nt. care m>.t b. tak.n 
in »ealing the cooling sy.tea to prevent leakage.  Con.ideration nu.t 
al«> be given to the expansion of the gas becau.e of it. te«>erature 
ri.e caused by the electronic equipment.  Table 4,  adoptedfr«. Ref- 
erence 16, prewnt. propertie. of gaseou. coolant, at .tandard prea.ure 
and temperature condition.. H«""»ure 
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(Ill  Heat Transfer Properties and Figure of Merit:  Properties 
which directly affect the heat-transfer effectiveness of th* 
coolant are specific heat, viscosity, thenul conductivity, 
and density.  It is desired that the fluid exhibit a high 
specific heat, because it is proportional to the ability of 
the coolant to store heat. The thensal conductivity defines 
the ability of the coolant to transfer teat by conduction and 
should be high.  The fluid viscosity increases pia^inq power 
and reduces the heat-transfer effectiveness and, therefore, 
should be iow.  Fluid density could have good and bad effects. 

A large nuabcr of eonpounds could be considered for use a* cool- 
ants. Most of these are organic coapounds.  The coa»>ounds which appear 
to be best suited for electronic-cooling applications are the silicons, 
fluorinated organics, and the ethylene - glycnl-water solution.  The 
silicones are beet suited for use when extended teaperature ranges and 
dielectric properties are required. 

When a fluid is selected on the basib of heat transfer, a useful 
figure of »erit, ryFt,  given by Reference 18 can be used. 

Ft (38) 

where    p - density, g■/c■, 

Cp - specific heat, cal/ga0C 

k - thermal conductivity, cal/sec csi' 'c 

u • coefficient of viscosity, poise 

High values of the figure of swrit are desirable because such coolants 
require the least a»ount of power, while absorbing the largest amount 
of heat. 

Table 5, adapted fro« Reference 17, presents thermal properties 
from selected coolants. 

Figure 4, adapted from Reference 18, shows the heat-transfer 
figure of merit for the coolants Indicated. 

Figures 5 and 6, adapted from Reference 19, cohere the pumping 
power to hoat-transfor conductance ratio for gases and liquids, re- 
spectively, in laminar and turbulent flow.  The x and Y parameters 



Tabie 5.    Th«r»«l Propurti«« of Coolant»  (Rcf 17) 
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^ITllSJSltl 0t Pmpinq PC-r **•' Wit »^t-tx«.f.r conductance. tow valiM« of th«M ptxtmtmt»  Indicate nimm prnvina power D^-IM — 
for « BDeclflad «Mni.rv» «,» w . ^^ K*^ins power penelties 
«* L r!«!.^ ^^ *    re»>v.l.     it   is apparent  that   liquid, 
are «uch superior  to gases  in heat  transfer and puaplng power      A «!w 
advent.,, of the gases is the wide te^ratur. r^^^h ^ 

'■ 
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SECTION VI 

CONDUCTION HEAT TRANSFER 

Itott. g*n«r«t»d by electronic or electrical equipment, can be ex- 
tracted *nd leaoved by f<o general «ethodst  (1) conducting the heat 
along aetallic or other paths to an external heat sink, and (2) trans- 
ferring the heat to Moving gases or liquids. Conduction and radiative 
cooling have been studied for aissiles and spacecraft operating under 
reduced pressure or coaplete vacuun conditions.  Conductive, or a com- 
bination of conductive and convective cooling, la aainlv applicable to 
aircraft electronics equlpaent.  Various types of electronic components 
(particularly solid state) are excellent for conductive cooling.  Not 
only individual ccwponents, but also subasseablies Mounted in sealed 
cases to siaplify radio frequency interference protection and avoid air- 
borne Moisture and dust, aust be cooled by conduction or conduction COM- 
bined with other Modes of heat transfer. 

a.  Interface Thermal Conductance 

Predicting heat transfer and teaperature distribution within a 
solid body does not provide any great difficulties.  The difficulties 
will be experienced when the heat-flow path is interrupted by some kind 
of mounting joint.  Such joints can be Joraed between the component 
and/or subasseably and the Mounting-base heat sink.  Prediction of the 
temperature drop across a joint causes difficulties which are usually 
overcome by determining the joint thermal performance experimentally. 
This method, however, is not very practical.  In thermal control system 
design and analysis, it is of great importance to determine the tempera- 
ture distribution and heat transfer rates.  To do this successfully, 
■CMS reasonable conductance/resistance data must be obtained for use in 
the preliminary analysis.  Two general approaches can be used to satisfy 
this requirement:  (1) using available experimental data found in pub- 
lished literature, and (2) using developed analytical techniques which 
can be applied to certain types of joints.  Some of the simplified ana- 
lytical techniques are outlined, and also some experia^ntal data are 
presented. 

The paraaaters that control the theraal resistance across a joint 
include surface flatness, roughness, hardness, theraal conductance of 
the aaterials aaking up the joint, and contact pressure.  Other itesw 
such as temperature, interstitial fluid and its pressure, etc also 
contribute.  The Interface theimal conductance is a function of the ef- 
fective contact area, which is made up of many small contact areas. 
Nith increased pressure, the area of each contact point increases, but 
also the number of points in contact increases.  The modes of heat 
transfer for consideration are:  (1) conduction through the direct con- 
tact area, (2) gaseous, molecular, or other conduction through the 
interstitial fluid or filler, and (3) theraal radiation. 

32 



- 
ThLh!.*t"!r*n,f*r r*t# mmm ** intwrfac of ■ joint can be mxptm^md by thm following equation. J  wit c«i oe 

0 ■ AC  (at) 
(29) 

*nd the contact conductance is defined a« 

C - 
A(At) (29a) 

•- 

i*»r9 Q m heat transfer rate, Btu/hr 

A - total area of interface, ft2 

C - thermal conductance of Joint, Btu/hr ft2*r 

At - te«pereture differential across the Joint. At - t - t , 0F 

lar ^r?-TJM*,PlI!lJ!
0?8ider * P1*"* Wal1 -^ "PO* **>  «heets of si^i- lar «aterial as shown in Figurj 7a and b 

Figure 7. Conposite Mall 

h... SZ 2! Ü1!^11 th*r~1 '"■'■»■" <Fig^« '•) A» neglected. 
heat flow through the wall can be expressed as follows: 
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».-r (».-»,) «""^-^ (»,-».) (30) 

?. • % - irSr C. ■ • ) , Btu/hr 

k   k 

(31) 

Next, when the resistance of the Interface is considered, the fol- 
lowing is developed: 

Qi.AC  (t2.t2') (32) 

as follows: 
ntly, heat flow across the coaposite wall can be expressed 

Ö - «^ • 0 a  *b  wi  L 

r*i*? 
C.-M (33) 

Predicting heat transfer and temperature distribution across such a com- 
posite wall is coapllcated by the interface formed between the two 
sheets.  Heat transfer across the contact area of such a joint can be 
considered as consisting of two components or conduction paths as shown 
in Figure 8. 

Figure 8.  Heat Flow Across the Interface 
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- ^[ü^0"^*"0* 0f ** COntact ""'  th«^°"' CT, b. e^r««Ki «. follows 

C - C    ♦ C, 
c f (34) 

' 

Cc • direct contact conductanc«,  Btu/hr  ft1  0r 

Cf ■ gap conductance,  Btu/hr  ft*  'p 

Convection and radiation el.so take part  in  the heat  transfer 
However,  bec.use of the SMU  te-per«ture difference across thTin^r- 
^r^JT     ,9aP8: ^^ radiation ■■< convection »des of best trar.s- fer can be neglected. 

lorf^ü^rf'10?8 *■?? 0nly liUitmd '■'"">>!■■  *bO"t  interface 
J^™^ ^ .i* •vall*b1«'  the  allowing expression,  given in 
Reference 20.  can be used for deterging thensal  conductance across the 
area or contact: 

C ■ C    ♦ r 
c f 

1.56 k 

7—T~r~ * f1**1 (35) 

2k    k 
 1 L 
k    ♦ k ( U.) 

joints are »ade of the sas» ■aterials, conductivity k, - k and 
k« - k. The root mean square (RMS) values of surface irregularity 
(roughness plus waviness) are ia and ib. for surfaces a and b respec- 

kf - thermal conductivity of the interstitial fluid. Btu/hr 
ft' F/ft 

a - average radius of contact points 

n - number of contact points per unit area 
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Conduction h««t transfer «cross a gap can be determined froa the fol- 
lowing expretsion: 

cf "i (37) 

6 - average gap thickness, ft. 

Figursi 9 and 10, adapted from Reference 21, can be used for de- 
termining sverage turface irregularity (based on known RMS surface 
roughness) and ni values when the contact pressure is known.  The RMS 
surface roughness can be measured, or approximate values obtained, when 
the particular machining process is known.  The use of Figure 10 re- 
quires knowledge about interface contact pressure.  Before this is de- 
termined, stress analysis must be performed.  Reference 22 recomaends an 
approximate equation for determining the required torque to turn the nut 
for standard threads with a 60-degree angle and coefficient of friction 
of 0.15. 

T • 0.2DF (38) 

When torque is known the axial-bolt tensile force can be determined 
from the following equationt 

F - 
0.2D 

(39) 

F ■ induced axial force, lbs 

D - bolt diameter, in. 

T • torque, in-lbs 

An approximate stress distribution of a plate in a bolted joint is shown 
in Figure 11. 
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^Hrh i 
l ^i—lu-j-Ul]—^_. 

Figure 11.  Stress Dletributlon in a Bolted Joint 

Ueing the ttreis dietribution paraaeters presented in Reference 23, 
can find ri and also the average interface pressure as followsi 

0 .L. 
1 \ (4 ) 

s ■ i K* ■ *>') (41) 

If the ratio of rh/b is know, ^ can be found fro« Figure 12. 

After all the necessary data is substituted into equation 35, the 
interface conductance across the contact area can be determined.  The 
total interface ürea of a bolted joint, however, will consist o£ a 
direct contact area and a gap area.  Figure 13 shows a bolted joint with 
the area where both plates are in direct contact with each other.  This 
area will depend upon the bolt torque, head sice of the bolt, thickness 
and rigidity of the plates, and will usually be quite small.  After a 
certain distance r fro« the center of the bolt, the plates, because of 
deflection caused by the force, separate fro« each other and a qap 
results. 

Conductance across the contact area can be determined fro« the pro- 
cedure outlined above.  The next step is to deter«ine conductance across 
the area where the plates have separated.  As previously indicated, 
thermal conductance across the ^ap can be determined fro« equation 37. 
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To df>t*r«in« this, w* mumt  know the thickn««! of the ^«p. tmfmrmncm  23 
pr«Mnta « siapliriad analytic«! techniqu» for deter»intnq plat* daflac- 
tlon, w, as a function of radius for two different plat* end condition*. 
Deflections of «ach of the end condition« are qlven aa follow*: 

(1)  Plata with free 

16D ■'4 ' ^  (ri)  |[<^ ( ^  V 

♦ In 

12)    Plata with rastreinad 

(42) 

N - 
160 ^-fcte)']^--* (41) 

D 1« the flaxural rigidity 

H 

wd-u') 
(44) 

t ft)' • (4S) 

Straaa distribution on the Intarfac« plane« can be expressed as: 
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io ('■(r)' ,.;, | 

Plgur« 12. 
«Vh- ■, «nd olo/oh «re plotted as function» of rj/b in 

wh«r«      b • plat« thicknai«, In. 

U  • Poisaons ratio 

Oio " interface stress at r - 0, psi 

Oi « noraal stress at interface plane, psi 

oh • normal stress under fastener head, psi 

ti  • radius at point of sero interface stress, in. 

rh • radius of fastsner head, in. 

r, R - radial coordinate, in. 

It is assuMd here that the noraal stress, oh, exerted by the bolt head 

n  U?ü0T.0V*r th* •ntlre "^ "^^ the h#ad-  If »»th plates are de- 
flected, the gap will be twice the value given by equations. 

Any bolted joint, therefore, can be divided into certain areas 
•round esch of the bolts, and each of these areas further divided into 
yyj ^P -re...  u.l^g the analytical procedures outlined above, 
i^fon~ COnductance "*'<>*  resistance of the joint can be detensined 

c - c ♦ c 1   c   g (47) 

RJ  Rc  % (48) 

Figure 14 shows schesMtically the resistance network of a joint. 
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Figure 14.  Resistance Network of a  Joint 

" 

R ■ a-f- «nd R - —J- 
c  C A      g   C A 

c c 9g 

C - conductance «cross contact area, Btu/hr ftJOF 

C - conduc .ance across gap area, Btu/hr ft2oF 

A - contact area, ft2 
c 

A - gap area, ft' 

There is another ite« of consideration in determining conductance 
of any type of ■ounting joint.  This is the thernal resistance of the 
plate or plates Baking up the joint.  In any bolted joint (particularly 
with thin plates), the contact area around the bolt(s) where nost of the 
heat flow takes place is saall and aost part of the heat flowi there- 
fore, will be concentrated around these areas, soswtiaws causing a 
significant teaperature drop. 

figure 15 shows a resistance network of a joint with plate resis- 
tances included. 

-Vs— 

Figure IS.  Resistance Network of a Joint and Plata* 
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Th* tot*l  resistance c«n be expressed as 

^ ■ k    ♦ R4  ♦ R 
(49) 

«here R, and R2 «re resistances of the plates if two plates ars presem 

S?fSLi,äSLS!-4S!; ^ ^ fro- ^ •«*-« "•• ITiSr 
l^e  16 dl"ction ^ong a disk of  thickness.   Ö,   a.  shown in Fig- 

F! 

HEAT SOURCE 

Figure 16.  Radial Heat Flow in a Disk 

R-dial heat conduction in the disk can be expressed a. follows. 

Ö ■ kd 2ifr 
dt 
dr (50) 

Integrating within the limits r, and r yields 

0 - kd 2* 

t - t 
i   t 

liUTj - inr, 
(51) 

Under conditions when co-puter techniques   (R-c networks)  are used for 
themal analysis,   it i. convenient to have a SUDU •Jr.*\i<TTrll 

a^L^air^i* Cyll?driC-1 » - dl'k Ä ^. "« •      h o^h . plane wall,    »is requires determination of a -an area a. follows? 
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A  - A 
2     I 

InA - InA (52) 

where A and A «re the inaide and outeide areas 
flow through a cylindrical body can be expressed 

vely.  Heat 

Q • KA 

t  - t 

r - r 
2    I 

(53) 

'*• 

the radial heat flow is not unifonaly distributed, or the flow 
takes place in certain directions only, the flow path around the con- 
centrated heat load can be divided into sections and the thermal re- 
sistance determined for each of the sections.  For example, consider a 
section of a cold plate (see Figure 17) with attached active devices 
and rooled by a fluid circulated through passages.  Heat generated by 
the components flows to the cooling-fluid passages.  The heat flow and 
thermal resistance, under such conditions, can be determined by a graph- 
ical method known as the flux plot.  In this method, each of the heat- 
flow channels is divided into a member of curvilinear squares consisting 
of heat-flow lines and isothermal lines.  The lines intersect at right 
angles, and there is no heat flow in the direction of the heat-flow 
lines. 

M. 

13 
"■ 

iQ^n     -- 'in 

:E3 

Figure 17. Section of a Cold Plate with Flux Plot 



JhTsIn^ 'tr^r llne; Pr"ent * Chann#1  thro^h ^^ h«t  flow, to 

tt"Hk    (',-') (S4) 

•n<l for plate thicknes« Ö 

0.6 = k (*. - s) (V.) 

f Letting  N/M -  S  and  (Ssk  -  K 

Q -  K C-s) (56) 

or,   introducing thermal  reaiatance 

t    -  t 
J » 1 

(57) 

Figure 18 show«  the total  resistanr» n«.fwr.^i,  #,«- ^u 
fl^ge to the coolant. reil9tance "^"f*  f^ the component  mounting 

mmi  thermal r.ai.tance of each of the two branche. can b. exprea.ed .. 

pi pi 
1 2 

I      ■ i A.    a 

'      »Pi    "p! - 
» 2 

(58) 
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Figure 18.  Resistance Network 

For a aore conpltx geometry, uiisynanetrical loading, or when the 
cold plat« is divided into nodes for cooputer analysis, sections around 
the concentrated heat loads can be divided into segments as shown in 
Figure 19. 

n 
/; u 

/ 

-H«r- 

Figure 19. Division of Plat« at Concentrated Heat Loads 
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H««t  flow along « conduction path can be expresaed as  follows: 

»-- I (59) 

K 

Under st.«dy-.t«t« condition., the flow rate ia constant and the above 
equation can be rearranged into the following for«: 

dt B dr 
Q  ' kA 

Integrating between the two points yields: 

. t - t 
At    /3 

dr 
kA(r) 

« -) 

(61) 

1^ 

where 

At 
- R (62) 

R - 

r 
dr 

KA(r) (63) 

heat flow area, A(r), varies along the flow path and can be ex- 
pressed as follows: 
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Mr) - r a6 (64) 

a  is in radian« 

A<r) - ^3 1 4 (•S) 

a 1* mxprmmmmd  in 

Substituting the valui> of A(r) yields: 

R - 

r 

/ 

dr m    1 
' r i    to? /    H-jh (in*rln\) (...) 

■^'"{/) (67) 

a in radians 
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SECTION VII 

HEAT TRANSFER FROM FINNED SURFACES 

'^^ SS  tr*n:f*r  fro- ■ «»pon.nt  «»d its supporting 
to th« uUi«.t# heat  sink c.n be significantly  increased by 

urltt^ liT.i     9*?1lÖ 9UtUC" ^  fin'-     ^^^n-tion of conflg- 
r^ r^. oJ*^    T r^"0*4 'UrUC"  ,,hOUld ^ ^ - th*  2^1 require^nts of  the electronic equip^nt  and  the cooling  fluid used. 

WtmllitTZSZZTl •/id*  r™" 0f  fln -"'durations,   including 
™rJ    K^ ?      1 ^rformanc* Prediction  techniques,     m this 
report,  however,  only the basic equations are presented      Also    «t!nH«H 
surface application to cold plate design   is diL«^ ' "^ 

to,« ÜSSSLSI*! ü S51* ^^y^"1 «-thod for deter.inlng te^era- 

' 

Figure 20.     Longitudinal  Fin of  Rectangular Profile 

If the fin Is divide Into three equal  Incra^nt. or nodes,  Ax,   the 
lÜTÄTS! balÄnC' at -t-dy-t-te cornlltlons can be wrUtan each of the nodes 
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Mt 

V.  q ♦  q 
» 1-2 »-« 

(68) 

q «   q .    ., 
^I-I ^2-1 ^?-« 

(§9) 

q ■  q (70) 

th« conduction tenu can be written •• 

V. ■ -k\ fi ■ n ^ ■ ^ v^- (71) 

Astuaing en average tenperature of the node, 
terns as follows: 

we can write the convection 

V.-h (Ac) (S "'a) (72) 

A - (Ax) (Ay) 
c 

(73) 

When determining the areas for conduction heat transfer« we can dis- 
tinguish two general conditions. 

(1)  Convection heat transfer fro« one side only: 

^ - 6 (Ay) (74) 
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(2)  Convection heat transfer fro« both sidas of fin: 

\ " 2 6 « (75) 

The rate equations can be written as 

s-* tL - t 
v. ■ ^ ^s-1 ■ 2k\ -V^ (76) 

«M • "K V11 (77) 

1 -  hA      /t     -  t    \ (78) 

t     - t 
q . t 1 
',-, • "K Ax (79) 

q -hA      /t-t\ (80) 

q -hA      /t-t\ (81) 

S3 



Subctituting th« rat« «quation« itit-> th« «nergy equations yields: 

S-1 t   - t 

^ -V-1 •  kAK ^IGT^ ♦ "c    (S   ^a) 

t    • t t     -   t 

"i-"sr-• k\-hr-" * **c (S-1-) 

» -1 

"S*-'s-1 - "c (•.-••) (82) 

Multiplying by .'.x/KAk  yields: 

hA  (Ax) 
; (s-s) ■ (•.••.)♦-*-•(•.-•.) 

hA    (Ax) 

hA   (Ax) 
t -1 - -4-—  /t -1 \ 

a      i        kA^       V  '      •; 
(83) 

hA     (Ax) 
L.-t 

(•4] 

to obtain the following: 



I _ 

(t.-,.)-(t,-s)"'(t,-t.)   • 

I 

*.  '.•• (».-•.) 
(es) 

fro« th« thr»« «ncrgy «qtMtlon«. '       * • -^-«.•« 

fouol^h;^i"in
p:tlon "••fro- ^fin"«^ ■^- ^ •*• 

0 •   »iAh 
(«»-'.) (8£) 

»*h«r« n is th« fin »fflcUncy. 

n»f«r«nc« 25 glv«. th« followln, •wuion for m 

t        - t 

b       • 
(87) 

i/2 t. ♦ t   tt   ♦ i/a t 
..v.i (Ml 

tn« t««p«r«tur« distribution along • fin. 
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DISTANCE 

Figur« 21.  Teap«r«tur« Distribution Along a rin 

Th« «fficUncy of a flat, constant-croai-Mction fin with naqli- 
gible heat transfer fro« the end can be determined fro« the equation 
widely used in heat exchanger designt 

I 

tanh(nL) 
H ■  ;  

ml (89) 

v.- (90) 

above equations apply for thin sheet fins. 

For fin efficiency greater than rj ■ 0.75, Reference 26  presents the 
following expression! 

1 ♦ 1/3 (aU2 (91) 

Fro« solutions of differential equations, we can dot ermine the 
ture distribution along a rectangular fin fro« the following 

expression: 
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e . e  Co*h ■ (L-,t) 

l    Coah   (»L) ( ».') 

e - t  - t 
X « 

0    • t.   - t 

^•ctlnfl h*«t di..ip*tion  fro« the end of th* fin. «• can 
flow through th« b«M of th« fin a« follow«i 

Q    • k« L ■ 6    t*nh  imL) 
(93) 

/•' Flgura»   23 and 24 praaant  fin afficlancy n and ta^araturo axcass 
?"? V^-!"!"^^f •• • action of tha fin parformanc. factor mL 
for longitudinal fini having ractangular cro.s .action. 

and hüfi^iT •!|,0r th* lon*itudin*1  "«.  th. ta^aratura di.trlbution 
and haat dl..ipation rata can ba data»inad for a r.dlal  fin.     Rafar to 
rigura 22, 

( 

Figure 22.  Radial Fin of Ractangular Profile 
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Figur* 23. Efficiency of Lonqituain«! Fin« of RBCt«ngul»r Profil* 
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ft* •nmrqy baUnc« «quation» c*n b« derived  for each of the concentric 
rings as follows: 

1        " Q        ♦1 \ 

q >   q ( H] 

kA I 
^>-i       "■!  r    - r (fSl 

A    - A 
A       - 1 8-^ »  A    - 2n r 6,  A    - 2« r 6 

1 io « OM 

*'.-." V (', -».) (97) 

AAj   - 2    (2,T r, )   •« 08) 

t     -  t 
q        • kA      -i *• 
^i-j ■» r    - r 

I i 
(99) 

Va " ^ .Ms" M (100) 
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t - t 
q   - |iA  -2 1 (101) 

.-.'^ h (*.•%) (102) 

itutlng th« rat« equations into th« energy equation« yields« 

\ 

t - t t - t 

"■'^■"-v^'V (s-.) 

"- ^ ■ ",* (s - S ) it r (103) 

rature dl.tribution of the fin can be found by solving the three 
energy equations. 

Tesiperature distribution and heat transfer fro. a radial fin can 
also be found fro« solutions of differential equations.  Refer to Fi- 

^4r 

XE» 

Figure 25.  Section of Radial Fin 

Heat leaving the eleaent by convection is given by: 

dq - 2h (2n rdr) (t - t^ ) (104) 

i 
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, Reference 26 qivo» the following equation for teaperature distribution 
along a radial fin: 

6 - 8 (105) 

Haat flow through the base of the fin Is given by; 

»       e dr 
r ■ r 

(106) 

The general heat-flow relationship is given by: 

[I  ( mr ) K ( mr  \ - K  ( mr ^ 1  ( mr ^ 

1o ("o) K. ("e )*I1 (-e) \    (-.) 
(107) 

The fin efficiency can be determined fron the following expression: 

where    ■ - 

where 

(TT^)^. (-'.)'t! («.)•■; K) M-oJ 

Ja u"-"" perfonsance factor 
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Figure 26.  Efficiency of Radial Fins of Rectangular Profile 





' 

In gold-plate design, it is often neceiMry to deteraine therwl 
corvductancei «nd/or resiatancea of shapes that differ fro« the  longi- 
tudinal and radial fins.  Such conditions occur around concentrated heat 
loads where the surrounding area smst be divided into aaall sections or 
nodes.  Depending on the design of the cold plate, the heat transfer in 
these sections can take place only by conduction, or conduction and 
convection (radiation is neglected). 

Consider conduction heat transfer across a radial wedqe as shown in 
Figure 28. 

.' 

Figure 28.     Circular Ring Sector 

Heat  flow across the wedge  is given byi 

q -  -kA dt 
dr (111) 

dt 
q 

dr 
KA (112) 

The heat flow area changes with distance fro« the center and can be ex- 
pressed as: 
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A(r) - rßA (8 in radian») (113) 

"I ■ km (114) 

If «• integrate, then 

t - t 
-JL I 

kRf,      J 
dr 

kj (115) 

- 
t - t   Inr - Inr 
_l 2. -  J -_—i 

k.-- 
(116) 

Inr - inr 
t - t - q 

1    7 kp" (117) 

k.-- 

Inr - Inr (VS) (118) 

Noting that — • conduction thernel resistance, R, we can determine that 
«1 

R • 
Inr - Inr 

(119) 

■rtii» expression can be conveniently used  for detennining conduction 
therawl resistances in cewputer analysis. 
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Th« taaperatur« differantlala in the above davelopManta are true 
only for conduction heat transfer.  When convection heat transfer aleo 
takes place fro« th« ring sector, the tenperature distribution can be 
determined by similar procedures outlined for the radial fin. 

Consider next a cold plate with a heat-exchanger cor« or surface aa 
shown in Figure 29.  Figure 29a shows a cold-plate arrangnwnt where 
both sides of the cold plat« can be used for equlpaent Mounting. 
Figure 29b shows the arrangaaent when only one side can be uaed for 
equipment Mounting. 

Th« total heat transfer froe a heat exchanger or cold plat« of th« 
plat«-fin configuration can b« divided into two partsi  (1) heat trans- 
ferred fro« the base or aquipnent Mounting plate and (2) heat trans- 
ferred fro« the fins. The total haat transfer is given by: 

Ob ^f (120) 

fectiveness,   is: 
fron the  fin,   applying  the definition of  fin ef- 

0f -  nf Af  hf   (^)b (121) 

effectiveness of the baa« plate as unity, w« can obtain  the 
following! 

«b " S ^ m' •b w"'b (122) 

the above aasuaption can be juatifi«d if th« base plate is divided into 
th« SMall «laments used in computer analysis.  Substituting equations 
121 and 122 into equation 120, w« can obtain: 

0 * *b bb (At,b * nf Af hf (Ät)b (123) 



i 

s 

I 

i   i n 

to 



it ion 123 can b« appllad  for both configurations of  the cold plat«, 
•jccapt,  only half of  th«  fin  Ungth Mat be accounted  for when both 
■ Ides of the plate are used  for equipwnt Mountinq.     If only one  side of 
the plate  is used for equipment Bounting,   the cover plate will also take 
part  in the heat transfer process}   therefore,   it oust  be  included  in the 
heat transfer surface area.    Actually, when the cover plate  is included 
in the hest-transfer surface area,  equation 123 Bust be extended as 
follnwst 

0 ■ A    K    (M)     ♦ n, A    h.   (fit).   ♦ n    A    h     (fit),, 
Do D fff b CCC f (124) 

where (fit)f is the tesiperature differential between the fin end and the 
coolant. 

' 

However, for short fins and low heat-transfer coefficients, as- 
suaptlon can be made that Atf ■ fitb. 

For fins of high efficiency (saall teaperature drop), assusiption 
can be Bade that 

hb ' hf " hc 

and equations 123 and 124 siaplify to 

0-ho (\*nf Af) Atb (125) 

0- ho (\4 nf Af *ncAc) ÄS (126) 

Introducing the weighted overall surface effectiveness yieldsi 
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*m. 

noh' \* nf Af (127) 

^o-1-*-'    (l'*t) am 

nh 
D f       f C      C (129) 

:- or 

o A ' C-M -»-('-%) (130) 

wi.. n- 

■  \  * Af   *  Ac (131) 

Sub«tltuting t.i« weighted «ffectiveneBs.  we can express the convection 
heat transfer  froa a  finned surface as  follows: 

Q • n    A )»     (At). 
O O D (132) 

where       Atb - tb - t^ 

tm " temperature of surroundings, *P 

A - total heat transfer surface area, ft2 
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Efficiency of riiuMd Estsnded 

Thcrwil pcrfonMnc« of lonqltudlnal and r«dl«l plain rectangular 
fins has bean discuBsad and warn»  of tha iaportant paraaaten preaantad 
in graphical for*.  However, application of plain heat transfer surfaces 
for air cooling of electronic equipment will be very Halted.  In nost 
cases such surfaces, for exaaple tha air flow passages of cold plates, 
will be provided with extandad surfaces as shown on Figure 29.  Under 
such conditions both tha efficiency and taaparaturs excess of the aqulp- 
swnt Mounting plate will be significantly affected. 

Considering first a longitudinal fin of rectangular cross section 
provided with a co«pact heat exchanger core, for exaaple the plain 
plate-fin surface with 11.1 fins per inch (see Ref. 27).  Referring to 
Figure 29, the heat transfer surface of the aounting plate will be 
extended by tha fins and Uta cover plate as follows: 

'•' 
eat A, ♦ A 

f   c 

where A is surface area of tha fine, ft1 

A is surface area of tha cover plate, ft1 
c 

The overall extended ««sighted surface effectiveness 

'IA . " n-A- ♦ n A 
©Kt     f f     C C 

or 

ext f A ♦ n 
.•xt 

c A ext 
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**» Mi»! 
imb) 

I. (ml.) 

(■b) 

Raf«ranee ^7 gives the following expression for Pj 

f 

cosh   (Mb) 
—7" 

«7 ten h{»b)c sin h(ab)f 

^inh^H^^JÜ0"1^10" WU1 ^ I***0*-* to detensine the overell 
weighted extended surface efficiency end tes^ereture excess of . Jin 

^Un/e^nriT'  2 'r^ 0f  3 inCh"-    ^  SÄ nler o? the cooling air  f ow Is essu-ed to be Re - 2000.     The Nusselt  nissber  for 

n  I    M TUT' ^ fr0" Fl9Ur* 155'   ^ •*" " 7-7   S. surfece 

D   h 
Nu -   7.7 - 

end h - 7.7^- 
Dh 

7,7 7ÖIÖ12 ' l1,79 ^"/^ ft* •» 
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•t6f  V 100(.0005)   *1'7* 

(mb)t  - 2l.72(.020i) • 0.4525 

f      .45M      0•,,8 

t«n himb) 
nc " 'l -(A)— 

-y/K'   1100(.C 
79 

0026) 
- 6.73 

be - l/2(.180)(1/12) • 0.0075 ft 

(■b)c - 6.73(.0075) - 0.0505 

P. - 

co«h (.4525) »V2^^  tanh (.0505) sinh (.4525) 

F - 0.847 

n  -  a^7 t*nh   (-0505) 
nc   •847   .0505 0-846 

For the particular heat exchanger surface, total transfer area/vol 
between plate«, ß - 367 ft3/tt*i   fin area/total area - 0.756. 
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for the given fin volume between plate« 

V - 1 (feHtF) ■ o-00"! ft' 

^tal heat transfer surface area 

At - .00521 (367) ■ 1.91 ft* 

Tin area Af -  1.91   (.756)   -  1.445  ft* 

Area of cover plate AC - 1 (-i)    . o.25 ft5 

Area of fin and cover plate 

A -   1.44C  *   0.25  -   1.695   ft 

neJCt " HH (•938,   * rtH  <-8^   ' 0.924 

For a unit area of fin,   there will  be extended surface area of 

. xt (I)   (1)   (.25) (^1)    (367)   -1   - 6.65  ftVft 

Aa there will be temperature gredienta along the extended aurfacee. 

^ 1*1     S^L       thi8 8UrfaCe Wil1 ^ reduced ^ th« f-^or next, and the effective extended surface area will be 

Aext - 6'65 (•924, " 6-15 ft'/*t2 

This corrected surface area must be included into the fin efficiency 
and teaperature excess equations as follow« y 
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..y 2 h A' ext k« or 

For the Biu-fac* 9«OMitry and flow conditions indicated previously 

V I 
11.79 (6.IS) 
100 (.0104)  ' 8•34 

wt  '  B -(h) 2.087 

n .. tanh (2.067) 
n 2^87 0-465 

and 

cosh (2.087) - 0.244 

Figur«* 23 and 2k  nay also be used for detenaininq the fin effi- 
ciency and temperature excess ratio.  It must be noted, however, that 
for each core geometry and heat transfer coefficient h the parameter I 
must be computed separately. 

Similarly as for the longitudinal fin, the same procedures may be 
used to determine fin efficiency and temperature excess ratio of radial 
finp.  Based on the computed mb and mre parameters, the fin efficiency 
H. and the temperature excess ratio 9e/60 may be obtained from Figure« 
26 and 27, respectively. 
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SECTION VMI 

RADIATION HEAT TRANSFER 

h..t-tr^.fer proc... con.Jder.d  in  thi. .tudy.  only th* gen.rll Kau- 
tion, «re pres«nt«d and brUfly di.cu..«<l. 9«n«r«l  equ«- 

.ith-i"^^^0* t0 the li>4- th#ory' radi*nt «™gy i» tr.n.port«! 

light. Th.re i. . continuou. int,rch*ng. of .nroy «ong bodLr^T. 
aVS    ÜÄ f ^P^*1 P"**" 3  «ittance  and Ib^pt^       iJ o^ u &^£mjsrz* - •hig^ r2~ r4e'thelfoothn.%. 
a -• -. ----- ^^ror^^r/x^in^n- 
y III IM     ,    « enargy continue, ev.n when both ÄlfJ/SSS' 

ÜTSÄtÄ.^ ^of the bodie, r,,ceive and e"it th- 
f.c. ^op^ti.I^d't;""'^9 ther,Ml rftdiatl0n are '^ ■■>■■« -ur- i.e. properti««. and the configuration or geometric factor  Th- «■>„ 

It,,     SI •1^,U,t ''■•••, • "•<* »urf.c. (perf.ct .b.orb.rl «bar. no 

ar.a tn* radiation intensity leaving a surface is independent of th- 

put.aon.. Por .XMpl., th. .„orw r.<ll.t«l (ro. . «urt.ce, A 

1-2 
- A r  o 

(133) 

Similarly, the energy radiated fro- surface A? which reaches surface A 

Q   - A P   o T " 
i-i i     2-i  r2 (134) 

The net exchange fro« surface A to surface A 
* 2 is: 
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riflt 

Q-Q.g -AT OT-'AF OT" 
»-> ?-l 11-2 1 2       J_J ? (135) 

Fro« the reciproclfcy relation, w* c«n determine that 

A    F • A    F 
1       1-? 2       2- «136) 

The net exchange, therefore, can be written in the following form: 

(   - A  F   0 /T " - T "X 
1-2    l  »-2   V '     1   ) 

(137) 

where o, the Stefan-Boltsaann conatant - 0.1713 x 10"' Btu/hr ft2oR, 
T - absolute temperature, 0R - 460° ♦ F0. 

Actual surfaces, however, cannot be considered as black, and an 
enittance factor, e, aust be introduced into the emissive power equa- 
tion. 

E ■ CO T' (138) 

where t Is defined as the ratio of the emissive power, E, of a given 
surface to that of a black surface at the same temperature. 

t - (139) 

The ratio, f, is also called the total hemispherical emittance. 

Me can now introduce another item, the total hemispherical absorp- 
tance, which is the fraction of the hemispherically incident radiation 
that is absorbed by the surface over all wave lengths.  Therefore, the 
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A i 
i  i   ' ■ (140) 

for gray bodies a - c 

A (V-«  ) (141) 

Fur general engineering epplication«, aaauavtion it .ad. th.t    K 
face, involved are gray-body e^tteri and^rL» T. T    r      "T 
C^X:'rtf

hTr.h";;rÄnsfer s=can >• ^^^ - AST' »wieag. o. the radiation properties.  Only the he«i.pherical e«it- 

.. SSSK ITS^JLfirSÄu    "    •"•"vlt, f*ct<,r- 

Ö.     - A   r 
1-2 I        I .•v (T;-T/) 

8.-. ' *, ',-, re "  (V-V) 

ft>r infinite parallel plates, we find that 

F        -  I 
1-7 

Substituting,   we obtain 

(142) 

(143) 



rc ■ l/c ♦ l/e - l 
I       2 

(144) 

Par concentric sptwr«» or infinit« cylinders, we alto find that 

f   - I 
1-2 

Ft " l/e ♦ A /A (l/e - 1) 
112      2 (145) 

Special cases can be found in the literature. 
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SECTION IX 

MEAT STORAGE 

t™..1" •lfcr*ft  !?'!!■■ m*— -ith circulating fluid loop., •l.c- 

*« coolod by th. clrcuUUnq  fluid.     If  .«ch •  .y.t« «ould d«v«lop | 
M ^r      ^ln9 ?!  ^ •1»Ct'onic ■tllil»!  mSZ  folio« within^ 
^JlilhT'    Ü ; ■HlllllllHl  f.ilur« of  th. .quip^nt ....nti.l 
^. ü'*        .    •C! ,,U" ^ P«-0^^ to .«.nd th. opr.tional  Um of 
« ^im^Il ÜÜ'ÜS th*ir

ulp~nt "0untl^ P^«   <«>" Pl-t.) with 
^TtJr-i, T! "* COUld •COMVli«h thi..     for «HM^U,  h««-of- 
f^f^ ^    ?    0r 5 "■;■">*" «»l«»t could b. uwd.    A im |f 
r^ t^TÜ!*^    '" "^ COn'l't 0f " —* of -t"^1  that «ould 

•.      Application cf Haat of fusion Materials 

A variaty of Mtariali ar« avail*bla with diffarant Baiting ta»- asr*—-—of fu'ion- Mtho^h hi'h h"t-of fu-i°" "• s prl-ary con.idaration. wcondary oonaidarationa ara th* volu- chano. on 
mltinq. .p.cific haac and thar^l conductivity of th. MUt and li^^ 
Pha...f  mg co^tibility of  th.  fu-ion -t.rial with th. container 

o# »ST""!*''?0!*'   mml9Ction •ho^«» »» ^««J on th. «alting taa^r.tui. 

tSZJSl    nUU1  t-l^r«u''- of tha cold riataPand ZmmSSST 
^SSHJTVSn 0f  th* J-- PUt*-    ^  *** «„.rational   tiJTof a cold plat.  <aftar coolant circulation i. dl.continu^J)  providad with 
fcHtlf^Ml» ^.t.rijil  i. tha au. of  tha following thr^^t.^:     ,  f 

t«iil^fi rS .       S S?  "*• 5^ PUt* Wlth  th« ^t-of-fuaion — 
tJIJi.* J^ t'""ltion tawatur..   (2)  tha tia» r^uirad to tran.f.r 
lfc>VH   If MlHMtMJI  fro. «lid to liquid,  and   (3,   tha  ti-. 
nK,uir.d to h.at  th. cold plata and liquid haat-of-fuaion ^tarial to 
th. «aiw. aiiowabla t«^aratura.     Th. total  h.«t capacity of  tha 
■y. a. conai.t. of tha alactronic co^on.nta.   tha coMpUta.   th. haat- 
of-fu.ion aatarial.  and the container. 

fuaioT^il?9 ! COld pUt# fin^ With ■ C*rt*ln "^ of ***> fuaion Mtarial.  we can expre.a the total heat  capacitance a.  follow.. 

t        fa        pi (146) 
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wtwr« the hMt cmptcitmacm C <■ He 

H > wclqht  in pounds 

C • mpmcific hMt of th« wit«ri«l,  itu/lb'r 

th» vpmcilic hmmt  Is «ssuMd to to co««t«nt,   th« r«t# of toat  flow 
to • hMt «tor«i« dovic* ear to »KprMWNl «•  fnWnwmi 

0 " * I? ' C 5? <"7) 

wtor» dT • tto  tiM  incr«Mnt 

dt - th« tMporttur« ch*nqm during th« tlM IncruMnt. 

fro« equation 147,   the  tto* during which « certain aaount of heat,  Q, 
can to absorbed lai 

T ■ C J- I . hrt (148) 

wtore t,  - the 

t, • tto 

at tto toqinninq of tto  tiae  interval,  *P 

at  tto end of  tto tiau» interval,   "r. 

The tiM required to heat tto toat-atoraqe device   (cold plate and 
heat-of-fusion Mtenal)   to tto «axiau« allowable teaperature,  there- 
fore,  can to determined  froa tto  following expressioni 

t   - C   [(V>   '•»•#)   (ltr-S) 

(VS-l^f Cfl)   (^a-Sr)   | (UM 



T  • 

Q - 

• ■ 
'pi 

=*. " 

cfl' 

v 
V 

o|i«rational  tiMm,  hxm 

hi>«t  ii*ut rat«, Btu/hr 

«pacific h^t of cold put«, Btu/lbV 

mf*citic h««t of  »olid hMt-of-fuslon ■•terial, 
Btu/lb'f 

n^ciflc h«at of  liquid h«at-of-fusion ■atarlal, 
Btu/lb0r 

- weight of cold plat«. 

- walght of h«at-of-fu»ion ■•t«rial, lb« 

- wanaition f^ratur. of h«at-of-fusion mfsUi,  *§ 

- initial trtp«xature of c»ld plat«,    f 

maximu« to^>«ratur« of cold plat«,    F 

> haat of  fuaion.   Btu/lb 

»K-™-I  oTforaanc« pradiction of haat-atoraq« d«vic«» l» 
^J" "    M^Tti ^fo%^^  I- .vail^l. about h«at tran.far at concam«d,  vary  Uttla  lnfo«ati.     "V, m(mB mfor-ation about melt- 

»K- Mit  intarfaca.     Refaranco 28 provldaa »amm  inio.i-» -— 

tu« «M t«»«r.tur..    tim l'l,'°ry °' '"• '"      r,f.t.„c. pr«..nt. 

chartt whara tha axpraaalona Q(t) xtn/ V^VL; 
ba found by solving tha following aquation. 

Q(T)dT I [.. 5 ♦ (I ♦ 4w) 
,„1 (150) 

«Ml U It a function of ti«. f. for th« ca.a Q(T) - con.tant 

III ♦ ^il 
2! 

— ♦ 
(Ibl) 

5! 
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ratur« distribution in '.he liquid Mit it given MM  follows! 

a. 
Q 2    I i  -   (1  ♦ 4li) "KM 

(152) 

*nd th« tMp«r«tur« - tim history at th« surface x - 0 is given byi 

ÖL/C 

11 l/1 I 
-  J ♦ ^     (1   ♦  4U) *  j U (153) 

Refer to Figure 30. 

0 (t) 

—H x(t) k— 

Figure 30.  Melting of a Solid with Arbitrary Heat Flux 
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- 
QL ■  l«t«nt hMt of  fusion 

k • th«ra«l conductivity 

P • MM Mnsity 

T  -  UM 

a - tharaal diffuslvity • k/pcp.   ft'/hr 

e • t^p«r«tur« diff«r«nc»,  6 -  t-t« 

c ■ »pacific heat 

t - taaperature of liquid 

t» - Ml ting tMperaturc 

« - X(T) 

• tecaus« Most of ths hsst-of-fusion Mterials expand spproxiMtely 
10 percent when «elting. .p*c. mi,t  be provided for such expan.ion in 
the container houaing the -aterial.  This can be achieved by using a 
bellow, or providing a .uffici.nt void space.  Since «,at of the heat- 
of-fu.ion material, have a relatively low thenwl conductivity, the 
heat-tranafer «atrix should be provided with fins designed for low ther- 
Ml resistance and low heat flux into the heat-of-fuslon Mterial. 

The expansion of the heat-of-fuaion material could be used to ac- 
tuate a switch to turn on a warning light or even shut down the systaa. 

Reference 5 presents a simplified computer program that calculates 
the temperature of the cold plate and at node., the heat-of-fuslon 
material temperature as a function cf tiM aa the mate-ial melts. 

t^^ll"1*;*  " ft? th# follo*in9 •«Pression for determining the 
total thensal capacity of the system« 

syst ■ (WC)p ♦ (t soak n-cp) (1S4) 

C - (C ) 
F " ^p^lid (tmeU - ****   *  HF • «V-elt 

(tMx ' SMM1 

The last term In equation 154 represents the sum of all the thermal 
capacitances of the system. <.n«r»ai 
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A wl<to variety of Inorganic and organic aatariali can be uaad as 
haat-of-fu»ion aatariala. Nmonq  tha ganaral type« available are paraf 
flna, which give a variety of aelting points and reasonably high heats 
of fusion and are not corrosive. They typically have a voliaa inere, 
of 11 to 15 percent on aalting. 

of aaterials Table 6. adapted fro« Reference 29, lists a n 
suitable for use in heat-storage systeiM. 

b.  Application of Evaporative Coolants 

Problaas of extreae heat concentration and high aabient te^erature 
are usually solved by tha evaporation cooling technique.  In this cool- 
ing technique, heat is reaoved frosi the electronic cooponents and/or 
systMS by a change in state uhen tha coolant evaporateJ during absorp- 
tion of heat, for a given Might of coolant, vaporisation cooling pro- 
vides tha aost effective heat removal compared to any other BMthod.  Tha 
heat energy absorbed by evaporating a liquid coolant ist 

M h 
fq (155) 

Below tha boiling point, tha haat capacity of the fluid will also add to 
the overall beat capacity of the systea.  If the evaporating liquid is 
stored directly in tha cold plate, therml capacity of tha cold plat« 
and its equipaant should also be added to obtain the total theraal mas. 
Tha total haat capacity, therefore, of a liquid-filled cold plate can be 
deterained froa tha following expression: 

'lCl 1%. - s) ♦ w , c (t  - tJ 
pl pl( op  T>' * "l hfg 

(156) 

wtn-r.' M - weight of evaporant, lbs 

w I ■ weight of aquipacnt aounting plate, Iba 

Cj • specific haat of liquid, »tu/lb V 

C j ■ specific haat of tha plate aatenal, Btu/lb *f 

t  - operating teaperature of th« cold plate, *r 

tb - boiling teaperature of the evaporant, 'p 

h. - haat of vaporisation, Btu/lb 
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- 
Th« time,  during which « certain 

«• follcnm: 
of h*«t can b« abaortwd, can b« 

(IS7) 

Q   • h—t  transferrvd by th« «quipMnt. Btu/U 

f 

rurthmrmorm,  the reservoir Mat be deaigned to aasure heat transfer 
to the evaporant when the reservoir is partially full as the liquid 
evaporates. Kicking Mterlal, therefore, often will be required to de- 
liver the liquid to the heat-tranafer surface.  To prevent loss of the 
liquid before the eawrqency condition occurs and control the boiling 
preasure, thua the teaperatur«, a valve ayatea ia required.  In de- 
signing a vaporization cooling device, the teaperature differential (At) 
fro* the cold plat« to th« evaporating Material asiat be conaidered. 

Table 7. adapted fro« Reference S, 
for evaporative cooling ayateu. 

lista of the coaaaon liquida 

Table 7.  Evaporativ« Coolant Properti«a 

HEAT OF VAPOP 
TEKPERATUR£ VAPORIZATION PRESSURE DENSITY 

LIQUID •r/0c (Btu/lb) (PSIA) (lb/ft1) 

Mvonia 20/-7 553 48.2 «0.4 
40/4.5 535 73.3 39.5 
60/15.5 520 107.6 38.5 

Water 100/as 1037 1.0 62.0 
150/65.5 1007 3.7 61.5 
200/93 978 11.5 60.4 

Methanol 50/10 507 1.05 49.9 
100/J8 490 5.0 48.2 
150/65.5 472 15.1 46.7 
200/93 407 40.3 45.0 



SECTION X 

APPLICATIONS OF HEAT PIPES 

Because of the unique heat-transfer characteristics of heat pipes, 
they are currently used and studied  for a wide ran,« of applicationf 
covering almost any te^rature range.    ». heat^pe LTMM? 

l  IM  ^    9    !T    " Cann0t ^ USed becau,,e of P0^^  H-ltatlons and re- 
iJS^ÄSS-JS -PPliCati0" r alSO 5? and — -tended to avionics equliwsnt cooling.     For exaaple,  heat-pipe cooling systeas have 
b^in usl for substrate-bunted  integrated-clrcuUchlps;   el^ctr^c^ 
Z^M^'T b0•rd",   hi9h ^■l   M    "'■  eo^onents  ^^h H t ^1- Ing-wave tubes.   I^tt and Trapatt diodes,   and »odules   In airborne 
Phased-array syste«,,  and other specific applications. 

of heÜ Ti'lJ**  IS that e,tfre- "" ■"^ ^ ««clsed  i" application 
JZttSXL* aVioniC'  "i"'!"     I   ^ling.     Orientation of  the heat 

Pipes with the evaporator end up.  and dynamic forces resulting  from 
aircraft «aneuvers can significantly reduce thermal perfon«nce of heat 

i 

, S h**t-pip€ technology can also be used for thermal control of 
temperature-sensitive electronic circuitry where not only junction 

ÜTtUI*S r? ^ k0pt lOW' bUt al80 v'here temperature cycling must 
be reduced and the mounting-surface temperature uniformly maintained. 

h »N 
EVAPORATOR SECTION ADIABATIC SECTION 

— u 

€iifinitiin}fi'm| i ri   Ijl 11   | i laBBm^fflB^afegBd 
^^     v»    V^.     V^.     f    „VAPOR ^.^Z       J/ 

CONDENSER SECTION 

wkmmmm 

HEAT  IN 

ffl^ffiSSTOT 

WICK 

■^ 

*~~"*"~*~*~*****MJ 

LIQUID HEAT OUT 

Figure  31.     Heat-Pipe Schematic 
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Figur« 31 show» a schMutic of a h««t pip« consisting of a constant 
cross-sectlonal area vapor-flow passage surrounded by an annular wick. 
The working fluid is evaporated at the evaporator section, transferred 
through the vapor-flow passage to the condenser section, where it is 
condensed and returned through the wick by capillary action to UM 
evaporator section.  Since both th« boiling and condensing process take 
place at a constant temperature, the internal temperature of the heat 
pipe is practically constant. 

a.  Design PrlMcipl#t> of Iteat Pipe« 

The heat-pipe design lit connected with a nuabcr of interrelated 
probleas, and a certain sequence of steps Must be undertaken before a 
successful device can be designed and fabricated.  Based on the thermal 
requirements of the particular equipment or system to be cooled, the 
working fluid, wick, and shell material of the heat pipe should be 
selected. 

Selection of the working fluid is primarily based upon the expected 
temperature range.  It is important to select fluids with a high latent 
heat, high thermal conductivity, high surface tension, good wetting 
ability, and low viscosity.  Consideration should alwo be given to the 
operating pressure.  Extremely high operating pressures may eliminate an 
otherwise attractive fluid. 

In selecting the wick material, the following primary parameter« 
should be considered:  (I) thermal conductivity of the wick matrix, 
(2) the capillary pumping capacity, and (3) the working-fluid pressure 
drop through the wick. 

The choice of the shell material usually 
tural requirements and compatibility. 

upon the struc- 

For optimum operation, assuming a cylindrical heat pipe, the ratio 
of the vapor koace and wall radii cm be deiermined from the following 

given hv Cotter in Reference 30, 

*-v? (IS8) 

•lug that the maximum heat flux which the heat pipe can transfer de- 
pends upon the capillary pumping pressure, we can develop the following 
equation: 

tP    - AP, ♦ AP ♦ ÄP 
c    1    v    g (159) 
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«»h«> th« heat pip« orientation ii horizontal, AP - 0, and 
9 

AP    " Ap    » J0 
civ (160) 

The capillary p^ing prea.ore or driving force reaults  fro« the ad- 
hesive force of  interfacial wetting end can be expressed as 

AP 2o cos 6 
(161) 

The ***** driving pre.aure occurs when the wetting angle is «oro, 
« - 0, end under such conditions: 

1' 
2a 

c  r (162) 

gravity head is given bys 

9   l      gc (163) 

When «"acts of grevity are neglected, the wick provides the only resis- 
tance to liquid flow fro« the condenser to the evaporator.  Because of 
the low flow rat., Änd wlarttll> «„countered in capill.ry flow, it cen 
be essined thet the flow is la«inar and Percy's law, therefore, will 
apply: 

AP. 
«Li  L* 
1M1 

K Ä  p, 
P w  1 

(164) 
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V   is the diitance fro« the «idpoint of th« evaporator section 
to the aidpolnt of the condenser section.  The wick pemeability is ex- 
pressed as Kp.  Another equation, derived fro« Reference 30, can be used 
in determning pressure drop of the liquid as follows: 

AP. 
i q 

L sin a I 
b^ L^ 

2* (r ' - r ^ p  , 
cmin  fg 

(165) 

and  for a horizontal pipe,  a "  0 

AP. ^l^e 
2n 

('.••%•) fi,e rz        h, 1       craxn     fg 
(166) 

The tern b is a dinensionless constant, depending on the detailed ge- 
o«etry of the capillary structure.  For nonconnected parallel cylindri- 
cal pores, b - 8.  For capillary structures with tortuous and intercon- 
nected pores, b varies from 10 to 20. 

Because of the continuous vapor addition in the evaporator and re- 
moval in the condenser, the vapor pressure drop computation Is coi>f»li- 
cated.  Solutions for two simplified cases have been obtained; one in 
which the flow to or from the channel wall is small and the other in 
which the flow is large. 

4M UJ 
Ap„ " K  <L' - K  (0) - -  -*- 

up r ^ h. Hv v  fg 

(167) 

for Re << 1 

and for a «ore practical case when He >> 1 

»2 
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ÜP "   %   «D   -  ?      (0)   -    Ä- 
pv rv    nfg 

(168) 

mt 

axial  Reynolds number  is defined as  follows; 

2p.,r D 
V   V   2 2m 

irr    u (169) 

wn. r. U 
0v ^v 

J»' 

The maximum heat transfer of a heat pipe operating at  ateadv-.t-t* 
conditions can be sunmarized as  follows: ' ■■ "  «eady-.tate 

b M1  Ce  L 
P,  ^- L sin a ♦  ,  

mm 

v       "S| 
up., r'  h 

fq 
2o cos 6 

r 
c  . mm 

-  0 

(1-4/Tt')   ft I 

8pv 'v" hJg 

Re <<1 

(170) 

.»1 
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jjflta 

optiBiai value of th« capillary pore size, rc (^t,  can be deduced 
fro« the above equation as follow«: 

b M1 Qt L 

COpt  4w (rw
? - r/) V hfgOco. 6 

(171) 

For a horizontal heat pipe, we obtain: 

p.  3,— L «in a ■ 0 
1  qc 

the aaxinun heat transfer of the steady-state heat pipe can be computed 
frosi the following expression: 

' 
^ flr * h. 0 cos 6 

ti. 
/2epv PI \ 

«1 

öe"N 

2 2a  '/I 4nr :- h.   / o p.co2 co82e 
»  fg  / My 1 ^3   /  Py P^^  cos 6 V       ^ 

3      ^ (n1 -4) btMj / 

(172) 

also 0 - ■, h. 
"e   1  fg (173) 

In »any heat pipe applications, pressure drop in the vapors can be 
neglected when cosipared with the pressure drop of the liquid. Conse- 
quently, the maximuBi heat-transfer rate can be expressed as follows: 

«u,- 
pJ°l's 2KA   KA p   L sin a 

r L' 
c 

OL« (171) 

r - the «ingle pore radius. 
c 
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o.rined unifor» clrcuUr oiMMung» with ■•«Burable  radi r«    AI!;* 

c«|iI]«ry-presBur» tests. «»»«M WICR 

b.       tedial Heat flu« Uaitstion« 

.^u,   «.cwon or   tha h«.t  pip. ^d   (2)   if v. j^, ^   lH(.ve    " 

orü! ^    L      "^rf*«'   «d th. vapor «ill  .«pand.   torminq ^la 

t^iwraturt at th« «vaporstor »«ction. 

th. r^ial diract^n .* toir^ »«^"«tur. gr«Ii.nt  occur,  u. 
On v  liJ.J    T;        w "^ •v**««'*tor «nd condanser  ••ction«. 
On.y Umt«d «ffort h«« b^«n ämvofd to h.«t-tr«n.f^r  »tudi«. of ! ^ 
covjr-d .urfac...  a^ only  li^fd dat. .r. av.U^u ^    ^ i^ 
cond.n.ing h«.t-tr^.fT «».ffici.nt. fro- -icA-cov,r.d^fa«.      ,£* 

0 •  UA(At) 
(175) 

^i^c.^i/*'1'^ 0f ! ^^ Pip- ^ »» -XP""«! - -ri«. r^«t«t.nc.s of th. •v.por.tor t%d cond.n«.r -•"•• 

(Ü  •  (i.) • c (176) 

S.!o"^:t!rt<,r<"lt' "ck'"" 'ly""- 'o"~1-' "■"•' — 
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2*L It . 
e wlv 

(177) 

wh«rc k^jy it the cooposlt« thenMl ccmdiKrtivlty of th« wick, liquid, 
and possibly trapp«! vapor bubbles.  When nucleate boiling takes place 
within the wick, the evaporation conductance is expressed by: 

«.- 2» r L h 
e (178) 

where h is the boiling heat-transfer coefficient determined for the 
specific fluid, heat pipe, and operating heat flu«. 

IC 
Under conditions of low heat flux, the following staple expression 

be used: 

> 
(179) 

where k^j is the thensal conductivity of the liquid-saturated wick and 
6^ is the wick thickness. 

For heat transfer surfaces covered with thin Metallic wicks, equa- 
tion 174 «in give values which are too high, and other analytical 
expressions wist be used for determining evaporative heat-transfer 
coefficients.  Reference 31 has investigated evaporative heat-transfer 
coefficients for a 1-inch outside-diaswter horizontal copper tube em- 
bedded in a water-saturated ceramic-fiber wick, the reference points 
out that at low heat flux, the evaporative heat-transfer coefficient for 
a wick-covered surface was higher than that for pool boiling from a 
plain surface.  The following reasons are given for the above phenomenal 
(1) wick fibers increase the effective transfer surface area and provide 
active sites for bubble formation and (2) the wick fibers greatly in- 
crease the ratio of heated surface to liquid volume (this increases the 
rate of superheat of liquid near the surface, thus aiding the formation 
of vapor bubbles).  Reference 32 presents results of pool boiling of 
distilled water (at one-atmosphere pressure) from horizontal, stainless- 
steel tubes spiraled by !/•- and 1/4 inch diameter organic-fibet wicking 
in a coil-like manner.  The test runs were performed with eight, six- 
teen, and twenty-six evenly spaced spirals.  It was observed that the 



r 

*Uk »pitMl* «round th« h.«t«r wction producd «uch m*rlimr nuclwtion 

incre-j^,   the  i^rov^nt   in the  film coefficient Ms  Incre.wd over 
no-yickinq run.,     «ith tWJtf  itai .plr.l. of kicking «round « 6-inch 

^üLüT '^ ni: 9mi^siw"four ti— p^« ^ ^« 
^T^ '"f^ ?'/*•*'of 20 p- ^ ^^^ -p1"1-' "*«wi did not incre«« the critlcl he«t flu« of the heeter Burf«ce.  Th« l»l 
prov«mnt In he«t tr«n.f«r could be o*>««rv«d «t the lower he«t fluxes 
only. 

Öitenslve expert^mtel d«t« «r« presented In Reference 33.  Ev«p- 
oretiv« he«t-tr«nsf«r coefficient. Mr« determined fro. pl«n«r wlck- 
covered .urf.ce.. u«ing w«ter «nd Freon 113 «. ev«por«nt..  Al.o. thl. 
reference point, out th«t equivalent or .uperlor perforwnce c«n be 
obtained with wlck-covered .urfece., «s cohered to .urf«ce. with no 

TK! : J?* '  how*v*r' '■«■■>■ th«t, depending on the .tructure of 
the vlcklng ««terlel. the entrapment of vapor bubble. In the wick «atrl« 
«ay cauw pre««ture fll« boiling in the wick «t reletlvely low heat 
flu«.  The reference Indicete. th«t the boilmg he«t-tr«n«fer coef- 
ficient of « two-l«yer thick .creen I. .IgnlfIcently higher th«n th«t of 
« «even-layer thick wick. 

An approximate critical he«t flux can be determined by a .eml-e«- 
plrlcal equation developed by Roh.enow and Griffith (given In Ref 34)> 

'cr • 14 3 h 
fq ar (W (180) 

or the following equation developed by Zubers 

q  - 0 
cr 

^„„[lifpL,^]"^) • .» 

(181) 

Cbrreletlon. with equetlon. 180 and 181 have also been performed for 
Freon., E2 and C51-12. 

Care au.t be exercised In using the above equations» for thicker 
wick, and low temperature fluids the equations will give too high 
values. ■ 
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il r«sl«tanc« of the liquid-Mturated wick 1« Ur?« 
co«p«red with th« thermal resistance of condonaat ion, the following 
equation »ay be used for detenaining the condensing hoat-transfer coef- 
ficient! 

kwl 
h
c " 5— (182) 

th«  following expression is given for deterainiiig thernal conductance of 
a liquid-saturated wick: 

Kwl " Ckl * <1 " • » ^ (183) 

Both the evaporator and condenser surface areas are iaportant iteats 
in heat-pipe thermal performance.  When the evaporator is covered with a 
vapor fil«, a critical heat flux is reached which will cause a drastic 
rise in the teaiperature of the evaporator surface.  Thl« condition 
should be avoided.  For a given heat load, the evaporator surface area 
must be properly sized to ensure operation below the critical heat flux. 
Similarly, care must be taken for properly designing the condenser 
section in order to reduce the radial tea^ierature drop.  Under gravity 
conditions, some portion of the condenser can be designed without a 
wick, significantly reducing the resistance to heat flow. 

c.  Constant Teaperature Heat Pipe 

The constant temperature heat pipe, employing an inert gas blanket 
in the condenser section, was an early development at BCA.  Figuru 32 
shows such an arrangement.  T^e inert or non-condensible gas is en^loyed 
to control the heat rejection area of the condenser section.  Under low 
heat-transfer rates, the non-condensible gas will occupy wont  of the 
condenser length, reducing the heat-transfer area.  As the heat load is 
increased, the non-condensible gas is forced by the working-fluid vapor 
flow into the reservoir, exposing a larger condensing surface area.  As 
a result, the heat pipe becomes a device of nearly constant temperature 
regardless of the heat load.  Because of the short mean-free path of the 
vapor molecules at normal internal pressures, the vapor penetration into 
the non-condensible gas is quite small» and the interface has a sharp 
temperature gradient. 
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EVAPORATOR CONDENSER 
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rigur«  32.     Con«t«nt-flM*>«r«tur« H««t Pip« 

Although tha operating tMparatur« of the con«t«nt-t«v«r«ture heat 
Pipe will be higher at lower heat dli.ipation rates than th« te^erature 
of an equivalent conventional heat pip«, fluctuation« caused by heat 
load changes can be significantly reduced by this sinple passive ther- 
mal-control technique.  This technique of teaperature control can be ap- 
plied to electronic-^qulpswnt cooling when the aaplitude of thermal 
cycling aust be reduced. 

Heat transfer from the condenser can be expressed by the followinq 
equat ioni 

0 - h A' L . t'v - »J IIMI 



Q - h*«t transfer rate 

h ■ h*«t transfer coefficient 

A' - best rejection ares per unit letwrth of condenser 

L4 ■ active length of condenser 

tv# ■ *spor topers tore n active cone 

t^ ■ sink teapersture. 

jr«ination of the active condenser length is based on the reasoning 
that the aolar non-condensible gas inventory for s given h^at pipe re- 
•ains cOTstant throi^hout all the operating condition«.  Marcus (Ref 36), 
for an ideal gas aixture, gives the following aolar-ga» inventory for an 
eleaent of heat-pipe volt 

dn ■ r—*- 
RL T 

dV (185) 

where    dn - ntaaber of Moles of gas in the vol 

Pg ■ partial pressure of gas In dv 

Tq ■ teapersture of gas in dv 

Ru - universal gas constant. 

urv- i-l.-m«-nt , <lv 

Assuming s siaplified flat-front vodel for the Inactive portion of the 
condenser, we cut Integrate the above equation to obtaini 

n 
I»  (L - L ) g v c   m' 

Ru T 
(IHM 

where    Ay - vapor core cross-sectional area 

Lc a totsl condenser length. 

100 



' 

P9 '  %-  "  %.'  ^  k,  "   t, (187) 

'*•" %- "  tot*l  **por praiaur« at t 

«:r^5L:;~!'!- ,°u~'"'' *-«-"*«.»"»•-. ..*i. q««-lo««tod h*«t pip«: 

r- 
o - hA- (tv<i. g 

c 

n   Hu  t 

v'  -a        v»' 
(188) 

The ttm in thm brackets reprca«.ita th« active condenser l.nat-h 
-hich when ■rttliUU fet hA-   HS  5 heat-pipe^^^.       q '' 

-HI. F0r
j
,,0rt ^t«1^ infonwtion «bout  th. th«ory and desiqn of vari 

•ble-conduct«nc. heat pipe.,  consult Reference    6. 
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SECTION XI 

THERMAL ANALYSIS TECHNIQUES 

4.   finite Differ«nc«> 

There are three general techniques available for solution of heat- 
transfer and taaperature-distribution problems:  (1) analytical, (2) an- 
alog, and (3) finite difference.  As the finite difference technique is 
easily adaptable to digital computations, this technique has four I wide 
applications in solving heat-transfer problems.  The heat-tranbfer de- 
vice or system Is divided into suitable regions or nodes with a refer- 
ence point located at the center of each region.  The number of nodes 
will depend on the required accuracy, thermal loading, and thermal 
conductance of the material.  For hand calculations, it is advantageous 
to start with the crudest possible subdivision.  All the points from 
which temperatures are required should be included in the system. 

In the numerical or approximate solutions of heat transfer prob- 
Imm,   the differential equations are replaced by finite differences, and 
the problem is solved by a set of algebraic equations.  The tempera- 
tures. In such a case, are determined at certain discrete points only. 

Heat transfer to or from such nodes can take place by conduction, 
convection, and radiation.  Heat can also be generated anri stored In 
these nodes. Consider a section of a rod protruding into a certain en- 
vironment and losing heat to this environment, as shown in Figure 33. 

j 
—ej Ax |«— 

Figure 33.  Heat Transfer in a Rod 

The energy balance and rate equations can be used directly to ar- 
rive at a finite difference formulation.  Under steady-state conditions, 
energy entering an element or node must equal energy leaving the element 
or 
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'in " «W (189) 

q   - q   ♦ q 
»2   it      nj« (190) 

Tt*  rat« of haat transfer by conduction is given by» 

I» II     V   i 7 f (19i) 

or qanar^lly 

1 sr i \i KmtJ (1^2) 

w!.. I,- 

K      ■ icA/Ax and 
ii (193) 

A - crosu-aection area of  the rod. 

The rat» of heat transfer by convection is given by« 

q      - It    ( t    - t  ) 
ia 2a      i a7 (194) 
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K  - hA and (195) 

A - surface area of t\te  rod. 

If  heat transfer also takes place by radiation, then 

Vi   •   "t-l    (t2   *   *i* (196) 

where 

K2.l   -  ACofTg1   ♦  T2*   T.   ♦  T2      f4
l   •  T.1) (197) 

T ■ absolute  temrerature,     B. 

Substituting the rate equations  into the energy balance equation gives 

»S.a   K * N)  - K,.,   (S  " »J  + ig-  K " tj (l)H) 

Such equations can be set up for each node, and the solution of these 
equations providea the temperature distribution of the rod.  If n points 
or nodes are selected in a certain system, then n number of equations 
mutt  be set up.  The system of nodal equations can be solved by elimi- 
nation, matrix inversion, reduction of determinants by Cramer's rule, 
etc. 
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 ,??^ tr«n»i«nt conditions,  heat  capacity of the node aust alao be 
conaidered.     For «aa^le,  consider  the energy balance  for  a node.   i. 
surround«! by adjacent nodes,   j,  during a saall  ti» interval.  AT. 
Uunng this UM  interyai.  assumption  is a^de that  the tw^erature of 
the other nodes ravins constant.     Heat balance of the node,   therefore, 
can be expressed as follows: 

f 
t •i) (S - s) .<:   V 

At, 
i 

i At (i m 

• 

»hÄerical or approximate techniques are also available for solving 
transient problew. The numerical methods, however, are restricted to 
simple geometries ard boundary conditions.  For more cos^lex systems, 
particularly under transient conditions, a significant :fiproveme-it in 
the analysis technique can be achieved uy application of the digital 
computer. ■ 

b.  Application of Computer Techniques 

The co^mter technique employs the electrical resistance-capaci- 
tance (R-C) network,  siailarly. as in an electrical resistance which 
refers to current flow, thermal resistance refers to heat flow.  Com- 
puter solutions are obtained by converting the physical system into one 
consisting of nodes or lumps connected by thermal resistors.  The method 
permits direct solution of complex transient problems involving con- 
duction, convection radiation, and heat storage. 

The most time-consuming step is the conversion of the physical sys- 
tem into an equivalent R-C network.  All the resistances and capaci- 
tances aust be calculated and presented in a form acceptable to the 
particular computer program.  Use of the lunging proce»-. inrli« that 
the lump or node is at a unifoim average temperature.  By proper selec- 
tion of the node size and arrangement, any degree of accuracy can be 
obtained.  Consideration, however, should be given to program capacity 
anticipated temperature gradients, machine time, etc.  There are no 
general rules which provide guidance in «election of the proper node or 
lump sires.  Engineeiing judgement and experience is helpful. 

Before going into more complex R-C network applications, some 
simple heat-transfer problems are presented and discussed.  For exawle, 
heat flow through a plain wall {see Figure 34) can be express«! as 
follows: 
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ti - t| 
a kA — 
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■ 
s 

R 

r, 
2 

kA 

t ft. 
' kA 

(200) 

(200«) 

■■■n 
v_ -ot. 

(a) 

Rw=L/kA 

(b) 

o VSr 
R R 

R » R ♦R ♦R 
1       3       1 

I 
i 

(0 

Figure 34. Heat Flow Through a Plain Mall 

Figure 34b shows the thermal circuit of the plain wall; Figure 34c 
i th*» thermal circuit of the wall with convection on both sides of 

the wall. 

The convection heat transfer to and from the wall jan be expressed 
by the following equations: 
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ö -A ^ K -'.) (201) 

Q " A hc   (S   -   'c) (202) 

t,   -   t 
_1 

Ah 
(203) 

.««??      rt!I! ^^        C*1Ud th0 ^^»^"on thenal r«.l.t«nc.,  and 
expr«.ion  l/Ah It called the convection  thenwl  retiitance.     In «ny 
case  involving heat transfer between two points at te^eratures 

f'll   ^       öt'   '^ h**t  flOW   (andlogou8  ^ 0h",B  i*"»  can be expressed as 

»•I« (204) 

The relation between the teaperatures and the heat flow for the plain 
wall with convection, can be expressed as follows: 

STCTtC 
Ah.   kA  Ah 

h c 

h   c 

\*\ 
(205; 

Consider nest a fin attached to a hot wall or SOM heat-genera a no 
co^onent as shown in Figure 35.  Heat fro« the hot wall is transferred 
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I 
by conduction to and  long the fin, tten by convection to thm  aabient 
air or other ultimate heat sink.  Figure 35 shows the R-C network when 
only one side of the fin takes part in convection heat transfer.  The 
other side and end could be insulated. 

•-•   I-?    2-1    }-» 

-^(TYP.) 

Figure 35.  R-C network of a U>ngitudlnal Fin 

Conduction resistances of the fin can be deteruuned as follows: 

•-1  2kA (206) 

»   - R   - R   . ^< 
\'i ft J-»  kA (207) 

Ä ■ 6(Ay) (Mt) 

Hie convection resistances ere: 

Vi   "   R2-4   "   »I-,   -   «...   ■   l/Wk (209) 

where A -   (Ax)   (Äy) 

iOb 



I 

convection hMt ttmmfmr takM pU» frea both »lam* of th» fin. 

A • 2{A«)   (Ay) 

••»•n hmtt i» disSip«tMl to th« «ablMit «ir («••v^d «t unlfor« 
tur«), «11 th« wbl.nt nod«. (5. 6, 7 «nd 8) c«n b« c«Ä»n.d int 
nod«, tindar transient condition«, thanwl capacity of th« nod«« 
al»o ba datarmnad. in thi. particular caaa. whan all tha nodat 
tha ■«•■ lixa.   than of 

.^v (210) 

^ lnÜ f ^ ei^l« '!"• «a finding wida application in haat-tran.far 
aquipwnt. datar«ination of thalr tharaal rasistancai it  pratantad. 
ri«iura 36 shorn a circular fin of ractangular cross «action and its R-c 
network.  Tha »-C network shows convaction hast transfar fro. ona sida 
or tha fm only. Tha othar side can be «asily included by »ultiplyinq 

w/"1"!*?* mm  * t,K>•  "^ lo" trom  *••**• na9l«ct«d (thin fin) 
although it can ba easily incorporated into th« R-C network. 

Heat flow through a cylinder or disk of thickness, &, can ba ax- 
prasaed as follow«! 

C - 2TI k6 At 
ln(r,/r,) (211) 

W.en coaputar techniques (R-c networks) are used for thensal analysis, 
it is «ore convenient to have a siaple expression for the heat flow 
through a cylindrical body of the «a«« for« a« through a plain wall, or 

tf-kA Ji ■ Ar (212) 
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it ■ tj • tj and Ar - r - r 

A« l* ****  ■**" *r#a ■nd c*n  be •ivresned as follow»! 

In (A /A ) 
3        1 

(2U) 

whure 

1 ra.l.tanca of tha ting,  tharafora, iai 

Convaction raaiatanca is given üyi 

c  hA 

fin Ac " f ('j1 - r|2) ■" ona aida of 

•"**     Ac " 2" ( ',' - r/ ) for both aida. of fin. 

(214) 

(215) 
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A «or« Mpltl problM It diacuaMd nmnt.     for «x^U. It is 

"Üü! ?0 <l*t*rBln# *h«r~1 P-rfermn« of the .ir-cool,d cold pUt. 
■hown in Figur« 37. Th« raid plat* con.i.t. of an «quipMnt »untinq 
•urfac and *n air-flow chamial through ufach tn. cooling air i. forced. 
Por aora «ffactiva cooling and haat tral,if.r. tha fl«» channal la usu- 
ally provide with «standad surfacas. that is. fins.  Haat dissipatad by 
the coaponants is transferred across th* aountlng joint to tha plate, 
then nto the cooling air itraaa. Vhm  te^erature of the cooling air 
doan not r«Min constant, but increases along the channeli and a dif- 
ferent approach aust be used for determining the convection thermal 
resistances. 

figure 38 shows the R-c ixtwork of a section of the cold plate and 
the air »tree«.  Reference 37 c.lves the following equations for deter- 
•ining the flow and convection reaistancesi 

j-i «-» *-T C M 
P 

(216) 

' 

COOLANT 

FLOW 1  2* ,  3  f^(  5-TRt^-7
V8 

Figure 38.  Resistance Network 

»»en the nodes are of equal sis«, the convection resistances can be 
expressed aa follows: 
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for • fUt plat« without fins 

Ac • (A«) (Ay. 

th« flow chaiut«! Is provlcted with fins, the fin «urfac« Bust also 
b« added to the heat-transfer surface area of the plate.  See Section 
911 ior  extended surfaces. 

Figure 3» shows the R-C network of the air-cooled cold plate shown 
in Figure 37.  The stud-aounted coBf-onents could be power transistors, 
diodes, rectifiers, etc.  The junction tesiperature of the cosfnnent is 
usually determined froai the reliability requireswnts or particular 
specifications. The design of the cooling systeai or device, therefore, 
■ust be based on this teaperature.  All the thensal resistances fro« the 
component junction to the ultiMte heat sink mist be tailored to satisfy 
the permissible teaperature gradients. The junction-to-case thermal 
resistance, Rj-c. is given by the Manufacturer of the coaponent and 
cannot be changed.  Resistance of the interface between the coa«>onent 
and the Mounting plate depends upon the Mounting technique used, for 
exaaple, with or without insulating washers.  Some data about this 
resistance can be obtained froa the open literature.  The conduction and 
convection resistances Must be tailored for the particular thermal 
requireMents, especially when both heat source and ultisuite heat-sink 
teaperaturas are specified. Ihm  network shown in Figure 39 May not be 
the best for the configuration given.  Fixing of the plate and fineness 
of the nodes depend upon the thermal Icadinq.  Highly-concentrated heat 
loads require smaller nodes, particularly around the coa*>onent Mounting 
areas.  It should be noted that all nodes exposed to the cooling air 
straae Must be connected to the air streaM by convection resistances. 
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Figure 39.  R-c Network of an Air-Cool«d Cold Plat» 
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Figur« 40 shows a section of the cold plate with the conduction «r.d 
convection resistarres.  The cross-hatched area indicates the area over 
which the dissipated heat of the component is transferred to the plat«. 
Fro« this area, the heat spreads throughout the plat«.  Th« aaqnitud« of 
th« t«np«raturc gradients will depend upon the heat-transfer rate, 
conduction resistanc« of th« plat«, and convaction resistance to the 

Figure 40.  Section of a Cold Plate 

coolant. Although four node points are shown on the outer circle of the 
ring, these node points can be coabined into one node (assusung uniform 
t«"P«ratur« along the circle), and th« thermal resistance of the ring 
can be determined by: 

r - 
_*  

i.a kA (219) 

•HM conduction resistances, *,_,, R . , B 
the trapeaoid and rectangular node resistances. 

"j-s •nd R2-«' are the sum of 

Because th«r« ar« sosw minor differences between air- and liquid- 
cooled cold platas, th« R-C network of a simple liquid-cooled cold plate 
is also shown.  Figure 41a shows a cold plate with heat dissipating 
components attached to It.  Similarly, as with the air-cooled cold 
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plate, th« teat dissipated by the coaponents is transferred to the plate 
(cross-hatched area), then through the plate and into the cooling liquid 
streaa. Conduction resistances through the plate can be determined by 
procedures outlined previously.  The only difference is in utilisation 
of the convection heat transfer.  While in the air-coole^ cold plate, 
all the nodes were exposed to forced convection heat transfer, here only 
nodes located along the outer edges are connected to the liquid conduit. 

rigure 41b shows the R-C network between the coolant stream and the 
plate.  These resistances can be determined as follows: 

l-J   i-» 
R   - ... • R 

♦-«•   Wc (220) 

When temperature gradients within the conduit wall can be neglected, 
simplified expression can be used as follows: 

i     • ... - R       m mäm (221) 

where A,, is the convection heat transfer area, ft1. With the tube and 
plate attachment method shewn in Figure 41, a certain effectiveness 
factor, n, »ust be introduced with the area, Ac, or 

(222) 

While the heat capacity of the \ir within a node is usually ne- 
glected (C - 0), the heat capacity of the liquid must be considered. 
This capacity can be determined from th». following expression: 

C • pc A 
v 

(Ax) (223) 

where A is the cross-section are« of the tube. 
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convection .^r^llt^    ^Tr    ^JhTJ  in^Uted'  S -*—^ tran.f.r eo-ff^i-«! However,  when the  forced convection heet- 

Preparation of detailed  input data for the «»jut-r rr~.—    4 
preaented here,  b^au«, each p^ra. -ould hi« TTliftllZ.:      sZ 
info«.tion can be obtained ftj. uaer «anuaU. «»"«ence^.     Such 
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SECTION XII 

GENERAL THERMAL CONTROL SYSTEMS 
AND THEIR REQUIREMENTS 

The therMl control systea should be designed to meet theraal require- 
ments of the electronic equlpBtnt within limitations of the aircraft environ^ 
mental control system and the aircraft weight penalties. There are three main 
it**»  which Mist be considered in designing a thermal control systea for 
electronic eqinpaent:  (1) the temperature of the component hot-spot or 
junction must be kept low enough to provide adequate reliability, 
(2) the component theimal cycling must be limited both as to temperature 
range and rate of temperature change, and (3) components must be cooled 
unifonsly. 

There arc many thermal interfaces between the junction of the 
electronic devicr- and the ultimate heat sink.  Because of the maximum 
allowable junction temperature and the given heat sink temperature, the 
thermal interfaces must be tailored to the particular requirements.  In 
the case where the thermal interfaces are set, the required te^>erature 
of the ultimate heat sink car, be determined.  Selection of the heat 
transfer modes or techniques, however, should be made on cost, sise, 
weight, reliability, and serviceability considerations. 

The cooling or thermal control systems can be divided into two 
general categories:  (I) direct cooling systems and (2) indirect cooling 
systems.  In the direct cooling systems, the electronic components are 
directly exposed to the coolant stream.  In the indirect cooling sys- 
tems, the coolant is usually confined to channels in cold plates or 
chassis to which the electronic components are mounted.  In both cate- 
gories, the coolant can be liquid or gas.  The thermal control syste s 
can be further divided into closed and open loops. With few exceptics, 
liquid is generally used in closed loops; gas coolants (air) are useJ in 
open loops.  In the direct cooling systems, the component-disBipated 
heat is rejected directly into the coolant stream by convection (or also 
evaporation), while in the indirect cooling systems, conduction and 
convection modes of heat transfer take part in heat removal from the 
components.  Indirect cooling, however, has some advantages such as 
easier accessibility for maintenance (particularly when liquid coolants 
are used), less sealing problems, and a wider range of coolant selec- 
tion. 

Because of the high packaging densities and heat dissipation rates 
of electronic systems presently in use or development stages, natural 
air cooling is practically obsolete.  Forced-convection (including 
evaporation) liquid and air cooling are considered for present and 
future electronic systems.  For electronic systems having low or medium 
heat dissipation rates, air cooling, because of its availability, pro- 
vides simple, cheap, and effective cooling.  Both direct and indirect 
air cooling have been ext nsively used; however, as air often contains 
large amounts of moisture and dust, there is a tendency and sometimes 
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requlr^nt to «ploy indirect air cooling by «pplic.tion ot cold 
te..  In this cooling techniqve. th« «ir is forced through passages 

^r tZlTi^ ^ VST  ^^^ With the •l-tronic parts/ ror«d 
air cooling is acco^li.h«! by using fans or blowers to force the air 
through the cooling device». 

^J^lJ^^i  5!°^ it  ia  '«"^"o^ve. nonto«ic. nonfla—able, 
*nd possesses good  dielectric properties. On the negative side, air has 

if c^!^"",^^ pr0pertie8 of *" ^  standard coolants, and 
it can generate significant a-ounts of acoustical noise at high veloci- 
M.  In general, noise and vibration becos« objectionable at veloci- 

ties above approxx-ately 1500 ft/siin (25 ft/sec); although, in so» 

wTAiXsTZl;^ air VClOCity i8 llWit-d t0 «PP-^-tely 

 .^  ^9h heat-diislpatlon rates and packaging densitie«, liquid 
cooling, because of its high heat-transfer coefficients and low pulping- 
power requireaents. offers outstanding potential for cooling of elec- 
tronic equipment  The high specific heat of liquids per unit volume 
o^i" ^ *!?  0f,«-U 8i^» for lines, valves, heat exchangers, and 
f3;   ?f      n9 al80 mini-,Bl"s rustic noise and interference. 
Liquid-cool ng system are almost always closed loops and usually have a 
relatively low temperature riae, providing unifon. cooling for com- 
ponents of equal power dissipation.  Similarly as with air coo.ing. 
llTtA*  ^ ^  "■•V" direct <>'  Indirect cooling.  When using cold 
plates, the liquid is forced through tubes attached directly on one side 

plate* P  *' 0r ^ liquid-flo%' P"«*?" can be incorporated into the 

The liquid-cooling systems will be totally closed, and, because of 
liquid ei^nslon with temperature increase, some provisions must bTiJd. 
^ „..l1, !   IA ^•"9-.  An expansion, or air-cushion tank, should 
ba provided to allow for expansion of the fluid as its temperature 
increawas. to remove air from the coolant, and to cushion the shock in 
tn» system if it should become vapor bound.  The tank should be large 
enough to allow for the expansion of all the liquid and still provide an 
air space. 

The cooling systems should be designed for operation under the . 
severe conditions anticipated.  Under less severe conditions, the ca- 
pacity of the system should be reduced as a function of the cooling 
dmmand. Control of a system can be accomplished by using temperature- 
sensing elements in connection with flow-control valves.  The degree of 
control depends upon the requirements of the most temperature-sensitive 
part, or parts, in the electronic system.  Reference 19 points out that 
components with a varying duty cycle should be located downstream to 
protect otner equipment and achieve a stabilizing effect.  If the duty 
cycle of a high-power component fluctuates drastically, itt. in^roper 
location could have a significant adverse effect on the reliability of 
all the downstreaia components and sulassemblies.  Problems of this type 
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can b« tmbtcmä  by prop#r design of the coolant-flow circuitry.  Series, 
perallel, and a coabination of series-parallel circuits can be eaployed. 
The choice depends not only on the temperature to be aaintained hat  eiso 
upon the weight and powet requireaents associated with each type A  flow 
circuit.  Series circuits have the advantage of Mechanical si^licity, 
tending to ■inUsize the weight of the coolant distribution lines by 
■inimztng the nunber of connectors and branches.  Disadvantages include 
higher pressure drops for a given fiow rate, as coapared to other types 
of circuitry, and a degree of inflexibility with respect to the teaser- 
ature of the coolant as it passes through the cooling equlpwent.  Tills 
latter aspect necessitates greater care In the placoaent of the com- 
ponents and sub^sseablles within the electronic equipaent wUn series- 
flow circuitry Is used. With the parallel systt«, a manifold supplies 
coolant to the different cooling dwvices (cold plates and/or heat ex- 
changers) at the same Inlet temperature.  Component placement In this 
arrangement is lass critical than for series circuits. The parallel 
concept Is particularly advantageous to modular cooling and mlcrominl- 
aturlred assemblies, where each unit In the subasseribly dissipates ap- 
proximately the same quantity of heat and Is subjected to the same 
temperature limits.  Furthermore, the pressure drop associated with a 
given flow rate is lower than for other types of clioults.  Series- 
parallel circuitry offers a great degree of design flexibility and 
allows the advantages of both series and parallel flow configurations. 
This arrangement Is the most likely approach to be used for advanced 
cooling-system concepts. 

The addition of a thermal control system to an aircraft will affect 
its performance by adding weight, drag, and power jonsus^tion.  De- 
signers of such a system should have a clear knowledge of the ccm^lete 
electronic cooling load and the pertinent char*cteristies of the air- 
craft.  It should be pointed out, however, that, except for t»mperature 
control of the liquid in the aircraft environmental control system, 
simple liquid-coolIng systems (also air) do not provide any protection 
against thermal cycling. 
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SECTION XIII 

FLOW DISTRIBUTION IN MANIFOLDS 

Mot only  in • caopUt« cooling  aystea.   but  alao  in   individtul 

ST^Llin? !?I^Pl^B ^ ^ •*ch™*t'' P«^"- tK» diatribution 
!f-      /TU        T th* *•"*** iB of  i-Port.nc..     Configuration and 
•I» of th# cooling «^ip^nt  is dict*tad by th. th«n.l  fgu.reBent. of 
th« «Uctronlc aguipwnt.  Sp«c« conaidarationa.  and waight and powar 
availability of the ».hicla.    Whan tha coolant   flow paasag«. arrar- 
rangad in aariaa.   no fl«* distribution problaa» will occur.    Vary oftan. 
howavar.   the coolant  flow pasaagaa within a cooling (tevica or auuipaiant 
■uat be arrange in parallel.     When heat-tranafer co^utationa «re 
parfomad.   It  ia usually aaataed thst an  Ideal velocity and flow dis- 
tribution takes place within the heat tranafer aatrix.     Under actual 
conditions,  howevet.   Urge deviations frosi the i«toal uniform flow 
distribution can occur.     Such nonunifom flow distribution can even 
occur withir a single passage   (in air-cooled equlpwint)   under certain 
■anifold configurations. 

Since this report  is primarily concerned with cold plates,  only 
mm» of the aanifold confiqurations applicable in cold plate design are 
discussed. w 

The two aain factors, inertia and friction, determine the distribu- 
tion of flow in and out of manifolds. When the inlet manifold has a 
constant cross aaction, the velocity reduction in the direction of flow 
laada to a conversion of velocity pressure into static pressure. The 
opposite occurs in the discharge manifold.  On the other hand, friction 
causes loss of pressure along the manifold, or any flow passage.  The 
relative magnitude of the pressure regain because of reduced velocity 
and the pressure loss because of friction determine whether the pressure 
rises or falls from the inlet end to the closed end of the manifold.  If 
the cross section of the manifold can be changed, it is possible to site 
the area along the length in a manner that the two opposing factors 
balance each other, resulting in a uniform discharge along the length. 
Reference 39 gives the following expression for discharge velocity 
variation at distances from the dead end of the manifold shown in 
Figure 42. 

— ©—o—o—o—e—6 LW 
Figure 42. Manifold with Discharge Openings 
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y (-n (224) 

•twr« V    -  Inlet vwloclty 

L -   length  uf  BAJtifold 

K ■ mtm* ratio 

k >> coefficient of diairh«rq« of  the holes or  slot 

Cross-Sectionsl «re« nifold 

W' 

In  «ccordsnc« wiU> keference 1^ for « r«tio L/D-70, the friction 
pr«ctic«lly csncels the deceleration reqain. «nd the distrilwition of 
dischsr?« «lonq the length is pr«ctic«lly cwistsnt. There is, however, 
another itea of concern, «n 1 th«t is the area ratio. The saae reference 
points out that tor an area ratio of R-2, the variation is auch greatert 
and, regardless of the length/diaanter ratio, it is not possible to ob- 
tain a satisfactory unlfonsity of discharge.  Even for the aost favor- 
«ble length retlo, L/D-70, the v«rl«tion fro« uniformity is 7 percent of 
the «veregej «nd for L/1^10, the discherge r«t« «t the inlet end is only 
38.7 percent of th«t «t the dead end.  Where the area ratio im  increased 
still further, a condition can be reached where the discharge rate at 
the inlet end reduces to sero, or even reverse«,  friction, however, has 
an equalizing effecti the qr«ater L/D, the greater the area ratio can be 
without causing the flow to reverse. 

itiass It is not practical to vary the cross-sectional area of 
the aanlfold.  In such a case, the distribution of the holes aay be 
veried, or, in the cese of « continuous slot« the width of the slot may 
be varied. Reference 38 points out that for a continuous slot with an 
area ratio of unity and a short sMuiifold (L/D-10), the slot «t the inlet 
end should be U percent widar then the «verege. At the deed end it 
Hhould be S.7S percent narrower than the average,  for long Manifolds 
(L/r^80), the required variation of slot length is so ssull that it can 
be neglected» and the slot can be aade of unifor» width.  With area 
ratios larger than unity, the required variation of slot width Must be 
Much larger. 

Where the cross-sectionsI area of the Manifold can be varied along 
its length, the contour can usually be proportioned so that friction 
loss counterbalances the deceleration region at every point. Por a 
circular cross section the following expression can be used: 
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(D VF- fq« (22S) 

wh«r« D - diueter  «t a di«t«n'«,  ■,   froa the d««d end,   ft 

D0 - di«Mt«r at th«  inlmt and,   ft 

L - Ungth of th« auiifold, ft 

f • th« friction co«fficl«nt. 

«h«n th« »anifold arrangaMnta ahown in Figur« 43 ar« us«d. th« 
Wtion ariaaa which ia th« best configuration to achieve th« most 
TrtiV*     Ü dJ,^ibut10"-  •• ■«» r.'«r«nc« point, out that if th« 
It Itl^i    ^ Jü1!! •anifoJd i8 •• th« aa». .id« a. th« outlet end 
of the diacharg« «anifoldi than, without friction, th« pressure riae 
fro. «ntr^c« or outUt «nd to daad «nd «ould b« th« wuae in both Mni- 
fold, /di.ragarding volu^ change.).  Even with friction and with dif- 
ferent apecific volu^., th« pr«a.ur« variation in on« aanlfold tend, to 
counteract that in the oth«r «nifold, providing «or« unifor« flow 
di.tribution.  An «xceptlon to thi. caw i. «inifold. with very large 
VD ratio, where friction lo.. far outw«igh« d«c«l«ration regain.  In 

52/ !*!•' th* lnl-t and outl,t •ndl •hould ^ ot oppo.itc aide., aa shown with broken line, in Figure 43. 
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Figur« 43.  Possible Hani fold ArrangsMnts for a Tube Bank 
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SECTION XIV 

THE COLD PLATE 

A minqlm  fluid h««t  «iteh*nq#r (teiigned  for   reaving hmtt  from 

o*d .nd  tbmnml   requlf^nt. of th. ^uipwnt.   th.  cooi.nt  c«, b* 
liquid or 9«..     Si...  h..t di..ip«tlon r.t*.  and hunting *rrang«.nt of 

^ir^i^r  ^ "'^ PUte ^ eo,^tibl« ■*** -inUturi«tion.   high 
P««r d«n.Ul«. and co^oiMint |*ck*glng,   it. UM   in «ilitary -vionic.  i. 
widely *ccpfd.     bl  thi. cooling fchnigu«.   h.*t   fro« thi L"^^- 
pon«nt  is r*Mov«d by conduction and conwction. 

****-** *** *>"nting  Joint of  th. co«pon.nt.  conduction and 
convection «od^ of h.at  tr^.f.r can b. quit, accurately pr^ict«!. 

i. r«ov,d fro« th. actlv. cx*pon.nt. by ■.tallic conduction,   this 
packaging t.chnlqu. can b. u^ in unpr.s««iMd aircraft ^uip^nt bays 
-ithou    noti«abl. .ff^ts ^on mgütm*  th.na.1  p.rfo«an«.     in tte 
cas. of air cooling,  on. of th« mmin advantag.« of cold plates  is to 
pr.v.nt  the electronic equifwent  fro« having direct contact «ith the 
■oiiture,   saoke.  and dust contained  in the cooling air. 

i—.^ COld PUt# or   ^i'^t cooling also has other advantage« over 
i—ersion or direct cooling,  particularly when  liquid coolants are used. 
A«ong these are ea.ler accessibility for »aint.nance.   less possibilltT 

l^iiT? ? ** cont*in«1 in • «^l.t.ly clo^ ^.te«. and the 
•billty to use coolants that have good thermal propertle«. 

.nH -H* "IV1*^" C*n ** aiVlded  tnt0 two '•"•r*1 categories,   liquid- 
Sf J .Z00 !    ^^ P "•••    ^ ^^  •^""icant dlffer^ce bet^n 
!£!.      y^T     !    "  5! W'y **"  im t'*n-f«"«l  into  the coolant 
str.«.     mum  In air-cooled cold plates,  a  large surface area Is ex- 

liquid w 11 U. confined in a rather .»all  conduit.     I^i. -.ns that 

^rouih\Ü SLfi*!!! '•"•"t*d ^ the equip^nt «uat be transferred 
through the plate by conduction to the liquid conduit.     Particularly 
h gh concentrated heat  loads .sight dictate different  arrang«»nt. of the 
now passages. 

-ffi  y*1* •lr-c:>o1^ 5*5 9f*mt becauM of the mil  heat-transfer co- 
K        Ü    I  r"!1 ^ provi69d with l*"» «urface areas.     These can be 

achieved with finned surfaces.     Both conduction and convection sod«, of 
heat transfer,   therefore, occur throughout  the entire heat-flow path. 

In any cold-plate cooling syste..   the electronic equlpwnt waste 
,      1. i     ^^ ^ the ■nuntl'M» mtmt of the plate, «i.t be trana- 
ferred by convection to the coolant streaa circulated through the pas- 
wg. of the cold plate.     The  two «aln equations  Involved  In cold plate 
design are   (I)   the rate equation 
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0 - hA UU I (226) 

(2)   tbe «nergy equation 

ü ■ % (s - 'O (227) 

t 

At - At 
—J, L_- 
1B (At /At ) cam 

h • haat transfer coefficient, Btu/hr ft* 0F 

A - heet transfer surface area, ft1 

At, - log Mean tenperature difference between Ih» plate and coolant, 
•r 

At! ■ teMperature difference between fluid and plate at one end, 0P 

At, • teaperature difference between fluid and plate at the other 
end, 'r. 

In «oat cases, however, the arithaetic average teaperature dif- 
ference can be used for preliainary analysis. 

Figure 44 shows a sinplified outline of a cold plate with its 
ature profile. 

It can be seen frosi equations 226 and 2?7 that heat dissipated by 
th« plate aust equal the heat absorbed by the coolant, or 

0 • hA (At)  - wc  ft  » - t  \ m p V out    .r ) (229) 
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Figur« 44. OutlifM of a Cold Plat« and Ita T««p«ratur« Profil« 
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V1   (•       ' t* \ HA        V Ml J (229«) 

If  th« heat dissipAtlon rate and cooUnt   lnl«t tet^^erature ar« 
know»,   th» Man t«».T«ratur« of  th« plat« CM ba datarmined fro« 
aquation 329. 

For an air coolad cold plate with «  finnad core,  tha overall 
surface efficiency,  nt,  wu»t be  introduced  into the rate equation 

9 ■  n, Ali (2101 

.• 

A •  A^ ♦ A    ♦ A    and 

nf ■ weighted overall surface efficiency 

•#A - Ab ♦ 
(231) 

n. - i 
A-   (»-^f) -r (l-    ) (2IU) 

A - 

*b- 

*f - 

Ac - 

Hf " 

nc- 

total heat transfer surface ar« 

■ountlnq base surface area 

fin surface area 

surface area of cover plat« 

fin efficiency 

efficiency of cover plate 

The efficiency of the «ountinq plat« is assuned to be unity. 
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ü 
The forc«d-conv«ctlon hMt-transfur coefficient« depend on flow 

re^lMe and types of ooolent«,  end can very within a very wide 
riu^e.    The coolant  fiow rate,  however,  mat be baaed on equipment 
thermal requirement«,  pressure drop,  and allowable acouatic noise 
level,  and can also vary within a wide range,     fro« the heat-trans- 
fer  standpoint,   there  is an advantage  in  selecting  the  turbulent 
flow regix. which iaproves the convecticn heat-transfer coefficient 
Pressure drop require«»nts and noise level,  however,  will   IS^OM 

U-itations in the selection of  too high Reynolds nuabers. 

*~i   IL^ ^ü 0f  r#ct*n9ular cross sections,   the disaster.   D.   in 
both the toynolda and Nuaselt expression«, mitt be  replaced by the 
hydraulic diaaeter,  D»,. f ^y tne 

0    . i riow **** 
h Perlaeter (232) 

"T ?r^i0n ,teynold• numt*r' V^f'/V. i» »1*0  found to be approxi- 
•ately 2300, as for circular duct«. FF«"" 

It «ust be polnte«! out that all the equation, are derived for 
fully-develop«! flow which will never occur In an actual cold plate 
When heat-trarafer coefficient« for duct« are determined, two other 
simplification« are Introduced. I.e., constant surface temperature, 
and constant heat rate per unit of duct length.  These simplifica- 
tions will never occur in an actual cold plate.  It should be fur- 
ther emphasized that a high Reynold« number Is not a guaranty of a 
high heat-transfer coefficient.  In addition to high velocity, a 
Mall diameter i» ftlM required, this condition Is known as the 
Holland-Tunnel effect. 

More detailed discussions about heat transfer from finned 
surfacea can be found In Section VII. 

~i ZL 
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SECTION XV 

DESCRIPTION OF TEST EOUIPMENT 
AND APPARATUS 

k' 

a.   Liquid-Coolad Cold Plate« 

Liquid-cooled cold plates of three different de-igns were fabri- 
cated and tested. Cold Plate No». 1 and 2 were made of aluminun (6061- 
T6), %rt»ile Cold Plate No. 3 was made of copper.  Power transistor« and 
resistor« were used as the heat load, and the thermal test« were per- 
formed on a hydraulic test bench equipped with a qear pump. • water- 
cooled h«at exchanger, flow meter«, and flow control valve«.  The cool- 
ant used in the system was a solution of approximately 60-percent ethy- 
lene glycol and 40-percent water.  The thermal teat« were performed at 
different electrical power dissipation rates from the electronic com- 
ponents and different coolant flow rates.  Temperature measurements were 
performed using 130-gage copper-constantan thermocouple« inserted and 
secured into small hole« dvilled in the mounting plate and components. 
The temperature reading« were taken by awltichannel recorders.  Thennal 
performance of the (»Id plate« wa« determined analytically by computer 
technique« (R-C network«), then compared with actual teat results. 

1.   Liquid-Cooled Cold Plate No. I 

Figure 45 shows the experimental liquid-cooled Cold Plate No. 1. 
TVo of the power transistors were of the type 2N3846, five power trans- 
istors of tlie type 2N1724, and four resistors of the type RER 6!>.  The 
electronic components were mounted to the cold plate with bolt torques 
lecommanded by the manufacturers.  Figure 46 show« the mounting ar- 
rangeawnt of a power transistor. 

TH[RM0C0UPLES 
MICA WASHFR 

jmm^w/M 
COOLANT  TUBE 

l 'I j i' I \ COLD PLATE 

INC WASHER 

MOCK WASHER 

NUT 

Figure 46.  Transistor Mounting on Liquid-Cooled Cold Plate No. 1 
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On« of the transistors and two resistors were Mounted on • 1 x 1 x 1/8 
inch angle bracket bolted to the cold plate.  The tenpereture drop 
«cross the coaponent ■ounting joints and teaperature distribution 
throughout the» plate were aeasurvd «t the locations shown in Figure 45. 

Figures 47, 46, and 49 show the R-C networks of the »ounting plate, 
the bracket, and the coolant flow passage, respectively. 

Deteraunation of the thenul resistances has already been dis- 
cussed.  However, because of the problems associated with conve tlon 
heat transfer, determination of the convection resistances was based on 
heat-transfer coefficients computed fro« different equations and ana- 
lytically predicted teaperatures coapared with actual test results. 

Assuming a coolant flow rate of w-100 Ib/hr, we can determine the 
flow regime from the Reynold« number (Eq. 12) 

M 

V w 
where    U • T-, and v - - 

A        p 

The volume flow rat« is 

¥ - |~ • 1.51 ft'/hr 

Flow area 1« 

A - ^ (0.305)1 - 0.073 in* - C.000506 ft' 

Flow velocity is 

ü " J " ^55556 " 2980 f t/hr 
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U  -  0.8J  ft/»«c 

OoRMqucntly,   th« Reynolds n is found to b« 

0.002t 

Wi« Reynold« nvmtmr  indicatss •  iMünar  flow MflM and determination of 
the Nuaselt nxmber mum* be baaed on equations for such a flow regiae. 

For  laainar  flow and Moderate  teaperature differwwe« between the 
well  «nd coolant,  a aodifled Sieder-Tate equation  Is widely used to de- 
teralne the Nusselt niariäer   (Eq.   18a) 

Nu a   l.g«    (R* Pr n 
'/» 

where 

k 0.223 ii'4 

Substituting values,  we determine that 

Mu -  1.86|<S0O) (33.4) (0.0254/2) J1/» .  u,  ^a thÄt 

h",,uä- ll (tfÄ)-^!»^!»^ 

A heat-transfer coefficient of h-100 Btu/hr ft'^F was used in the pre- 
liminary analysis.  Wien the actual test results were coshered with 
analysis, it was discover«*! that the heat-transfer coefficient deter- 
mined by equation 18a waa too low, and the predicted plate tester«tures, 
therefore were too hiqh. 

Nest, the heat-transfer coefficient was determined by the equation 
—-*-•* by HcAdama 
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i 
Nu " (31) (233) 

Sutwtitutinq valvMa. «• obtain 

Nu ■ 6.2 top 
0 
0(0.745) 1 
.223(2) 

• .< 

• i7.3 

d 17.3 
0.223 

U.0^54 - 150 Btu/hr ft'T 

' 
«•»•n this valu« ««•■ uMd in d«t«raininq th« convection resistance», a 
■uch closer egreemnt between enelysis end actual test data «as achieved. 
It should be noted that Equation 233 is valid only if Äc^AL exceeds 30. 
and the Reynolds nuaber is less than 2100. K 

Figure 50 shows the oewparison between test results and analysis of 
te^persture distribution across the plate when heat-transfer coeffi- 
cients of h-lOO and 150 itu/hr ft,0r were used in determininq the con- 
vection resistances. Only transistors 11 and «2 were enerqizedt 
75 watts each. The errors introduced in teapereture predictions, by 
selectinq heat-transfer coefficients obtained fro« equations which do 
not apply to a specific fluid or specific test conditions, can be 
clearly seen. 

A total of fourteen different tests were performed on Cold Plate 
»to. I. Twelve were steady-state tests, while two were transient tests. 
Tto reduce environaental effects upon thensal performance of the cold 
plate and to simplify analysis, all the tests were perforaed with the 
plate insulated (approai^tely 1-1/2 in. of fiberqlass insulation). 
Hlca washers and Dow Corninq 340 silicons heat-sink cos«x>und was used on 
all transistor aountinq joints.  The heat-sink co^ound was also applied 
to the resistor and bracket ■ountlnq joints.  Only case te^eratures of 
the transistors were aeasured» the junction tesiperstures were determined 
fro« data published by the sanufscturer.  For exa*>le, the 2N3846 trans- 
istor MxiauM junction-to-case thenssl resistance is qiven asi 
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- 
«.„ - 0.5*C/watt, je 

•nd that of the 2N1724 transistor is: 

*Jc - I.5
0C/w«tt. 

Jlon^J^! ^•^•ratu" iB t**™   <it «'• b« —üy -•sured).   th.  junc- 
tlon t«|>«r«tut« can b« dctensirwd fro« Equation it 

l , ' t  »PR 
1     C       )_C 

t^ - th« junction traperstur« of th« transistor 

tc ■ th« cas« t«sip«rature of th« transistor 

P • the alacuic pow«r dissipation, watts. 

nr *J*til  8 •,Äfri*rB •11 th» •«• conditions. Ta^«ratur« readings 
,    thV^f«>couP1e» in»talled on th« plate and electronic cos^onents 
(as shown in Figur« 45) are contained in Appendix A. 

m.. "r^!* t1'   "' "' ^ 54 '^ t-^^tur« distribution of th« 
Vrü      S ^ f*" condltlon» i«»icat«d.  Cos^arison batween experx^ntal 
«d «jalytical results is also shown by plotting th« analyt^cahy pr«- 
dict«d t«si>«ratur«s along th« saw section oi  the plate.  A. can be 
TTi'JL900L*qr*9mnt  to>"llw th« P'^icted and Masured results was 
achieved.  The m*ximm  daviation a-ourts to approxusately 5ÄF which can 
be considered «sail.  The results indicate that the R-C network ccm- 
puter-analysis technique can provide accurate thensal-performance pre- 
diction of cold platas. if sufficisn.ly accurat« input data ar« pro- 

Figur« 55 shows case teaperatures of aoa» of th« transistors and 
rasl.tors as a function of coolant flow rat«.  Electrical power dissipa- 
tion fro« th« cos^onerits was maintained constant throughout the testa. 

nl/^' !lrKd?Cr-?!d C0^>on-nt t-peratur.s with increased coolant 
low rates, which is self-.xpi^tory (incr«aa«d oonv«ction h«at-trana- 
1^ !?!f !!!• 5! Ur9e t-*-r*tu'« <JiffT«nc« b«tw««n the bracket 
and plate-mounted cosfx>nents is apparent, and shows the disadvantages of 
bracket mountin,.  Even though Transistor 17 diaaipated half th« elec- 

^ca^iLh::ir^-xrh:r.di"ip-ted'th- ^-^ot i-^*-w 
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110 

100 

u 
ELECTRICAL POWER DISSIPATION; TR #1 4 2 - 50 WATTS EACH 

TR #3, 4, 5 * 6 - 40 WATTS EACH 

TR #7 - 20 WATTS 

RESISTORS - 13 WATTS EACH 

50 100 

COOLANT  FLOW RATE, LB/HR 

1 
?00 

Figure 5S,  Component Case Temperature v« Coolant Flow Rate foi 
Uquid-Cooled Cold Plate No. 1 
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«Her power dissipation rate, the bracket and 
plate-«ounted resistors did not show large temperature differences.  The 
different slopes of the temperature charts can be explained by the 
different conduction resistances.  When the conduction resistance was 
cignificantly larger than the convection resistance, the changes in con- 
vection resistance did not have a significant effect upon the rate of 
teaperature change of the coaponent.  A lower theraal resistance can 
experience a relatively large change without significantly affecting the 
^•■perature of the coaponent.  Increasing the coolant flow rate fro« 
SO^lb/hr to 200 Ib/hr caused a naximum teaperature reduction of only 
20oF.  The heat-transfer coefficient was Increased fro« 132 Btu/hr ft2oP 
to 174 Btu/hr ft'0F 

It has been shown that the teaperature distribution of the  cold 
plate can be accurately predicted.  The next and nost difficult task is 
predicting component teaperatures which involve the deteraination of 
aounting-joint theraal resistance.  This is particularly difficult when 
insulating washers must be used.  In such a case, it is practically 
iapossible to obtain results of reasonable accuracy by analytical tech- 
niques.  The best approach is the use of manufacturer's data, if avail- 
able, or a literature search for slailar mounting conditions. 

Table 9 presents the theraal resistances of all seven transistor 
mounting joints.  The resistances were determined froa teaperature and 

Table 9.  Theraal Resistan es of Transistor 
Mounting Joints 

TRANSISTOR 
NO. HR   'r/BTU 0F/WATT 0C/WATT 

0. 38 1.29 0.72 
0.41 1.39 0.78 
0.48 1.63 0.90 
0.51 1.74 0.96 
0.57 1.94 1.10 

6 0.57 1.94 1.10 
7 1.30 4.40 2.45 

MICA WASHERS AND r.REASE WERE USED ON ALL COUNTING JOINTS 

•lectrical power dissipation rate measurements, using the following 
•xpression: 

At 

Ö (234) 

148 

riaii 



I 
At - UM teapcratur« differential . 

and Mounting surface of the plate. 'T  or 'C 

0 - the electrical power dl.sipatlon by the tranalstor, watt«. 

Aa already indicated. Mica washer, and Dow C rning 340 .lllcone heat- 
sink coapound was used on all «ountlnq joint..  tegardU.s of the condi- 
tion that the saae Mounting techniques was used for all siailar transis- 
tors, there waa a difference in thermal resistances. A particularly 
large resistance was observed at the Transistor »7  hunting joint.  This 
condition was probably caused by the Mounting bracket which was Mad« of 
thinner Material with an unfinished surface. The Mice washers were not 
of the SSMS thickness.  This condition could have caused variations in 
the joint thermal resistance.  The different electrical power dissipa- 
tion of each of the translators could have been another cause.  It It 
the characteristic of a transistor that a temperature Increase causes a 
current increase.  It Is obvious that transistors provided with larger 
studs and Mounting surfaces will have lower resistances.  These are the 
reasons why the Mounting-joint thermal resistances of Translators 11 and 
•2 were lower. 

Table 10 presents the therMal resistances of the resistor mounting 
Joints, determined by procedures siMilar to those used for transistors. 
Mo electrical Isolation was used. and. because of the small fastener 

*iEt! J*** ■ountinq tor(»u* W*B ■•• controlled. Heat-sink cos^ound was 
applied to all Mountinq surfaces. Variations in Mounting-joint thermal 
resistances (Max)Mun value of approximately 30.) could have been caused 
by differences In Mounting torque, surface conditions, and the applica- 
tion of heat-sink coMpound. 

Table 10. Thermal Resistances of Resistor 
Mounting Joints 

RESISTOR 
NO. MR 9F/BTU "F/WATT 0C/WATT 

1 
2 
3 
4 

0.27 
0.23 
0.25 
0.29 

0.92 
0.77 
0.85 
1.00 

0.52 
0.42 
0.47 
0.55 

00« CORNIMG 340 SILICONE HEAT-SINK COMPOUND MAS USED ON 
ALL MOUNTING JOINTS 

Since reliability and performance characteristics of elec- 
tronic equipment (particularly seMiconductor devices) depend on teM- 
perature, it Is Isiportant to determine te.*>crature at the Most critical 
location, this at the junction for transistors. Table 11 presents the 
Junction teMperatures of all seven transistors.  These teMperatures were 
obtained from test conditions Nos. 10, 11. and 12. 
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T«bU  11.    Coaputftd TrAnalttor Junction TM*>«ratur«s 

TOT 
MO. 

JUNCTION  TEMPEKATURE OT TRANSISTORS, •c 
TU   |] T»  93 TB n TP   M TB   •'. TR   §6 Tt<   17 

10 
11 
12 

121.S 
118 
107.5 

122 
115 
10«.5 

153.5 
147 
142 

153.5 
148.5 
143 

153.5 
148 
141.5 

154 
146 
141 

145 
140 
134 

'.-• 

A« can b« concluded fro« th« MM«, th« jvinction tMp«r«ture* of 
• 11 of th« tr«nalatori wr« within Mf« oparatinq Halts (below 175*0. 
Howev.r, »hen high equipMnt reliability |fl a requireMnt, power diaai- 
pation fro« Tranaiatora «3, 4, 5, 6, and 7 auat be reducedi or the cold 
plate auat be redeaiqned to provide aauller reaiatancea in the heat-flow 
path.  Another concluaion can be drawn froai the data; a significant in- 
creaae in coolant flow rate (400%) will cauae a aaall reduction in junc- 
tion teaperatura. Thia concluaion can be deduced fro« the large conduc- 
tion reaiatance, aa coopered to convection reaistance. Even though a 
large change in convection haat transfer take« place, ita change will 
not greatly affect the total reaiatance. 

To obtain aoaa idea of the tIM lag of auch a cold plate, two 
tranaient teata were performed by atapwia« electrical power input 
changea.  Figure 56 ahowa a condition wnen Tranaiatora 11 and 12 were 
turned on and off within a 20-«inute period (10 minutea on and 10 «in- 
utea off).  Figure 57 ahowa condition when all the electrical power waa 
turned on and off within a 20-«inute period (10 minutea on and IP min- 
utea off).  Becauae of the high heat-tranafer coefficient and low ther- 
mal capacity of the cold plate, the rate of temperature change of the 
componenta waa quite rapid.  Such conditiona, when repeated more often, 
will affect equipmant reliability.  The rate of temperature change can 
be retarded by increaaing the thermal maaa of the cold plate. 

Wie correlation« between analytical and experimantal reaulta in- 
dicate an important item.  When the cold plate la divided Into nodea, 
care muat be exerciaed in selecting the proper alee of the nodea, parti- 
cularly around the locationa of the concentrated heat loada.  Figure 58 
«howa the preliminary R-C network of the cold plate, and Figure 59 ahowa 
the compariaon between analytical and experimental teapcrature diatribu- 
tion.  The figure ahowa the trend in temperature increaae around the 
areaa of concentrated heat loada.  The crude nodea around the concen- 
trated heat loada did not repreaent the proper heat-flow path causing 
the errora in temperature distribution. 
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2.      Liquld-CooUd Cold PUt« »o.  3 

Piour« bO shoM thm •tptimmnfl llquid-cool^d Coid Pl«t. Mo.  2. 
«nut. «TLd. of^l-Uru» *nd p«*l<*d with p«r«lUl  UUmal 

l^.w"" -hown  in th. fiqur..    A tofl of .U po-r tr.n.i.tor. 
STlCrSuMH -r. tmmt on th« cold &*****•     ^j""0" 
^  a„d 12 -r. typ. 2H3e46.   tr«,.Utor. 13.   M.  W »i W -r%^*t. 
2N1724,   .nd th.  r..l.tor. Mr.  typ. HER 65.     T«p.r.tur. «...««.nt. 
throughout th. pl.t. w.r. HÜ « «■ loctlon.  Indictwl. 

Figur.. 61 wd 62  .ho» th. frC n.t»iork. of  th. pUt. «id th« cool- 
st f^pl.^..  r.Sp^tiv.ly.    Al«,  for »U **•«*'  J» fc-^ 
tr«n.f.r co.fficl«»t. of th. flo- p....q.. -r« d.t.r«in«l.     *« J^ 
PUt« h^J t-o hoi. .iw«.  th. h..t-tr«..f.r co.ffici.nt. «.r. d.t.r«i.*d 
tor ..ch of tn. t-o hol. UM.    Sine th. ipHini 111^1^l>r^ 
HcAdw. pr.viou.ly provide! th. «ctt «rcur.t. r..ult. for th. cool*nt 
UMd.   th. .MM .qu.tion W.B »*•& 

0.2 

/   wc   \ 

«^ 6-2\(ku) 

Por • coolst flow r.t. of w - 100 Ib/hr,  th. .v.r.g. h..t-tr«n.f.r co- 
.fficlwit of th. 5/l6-di«.t.r hoi. w.» d.t.r«in.d to b.t 

Jo. h -  140 »tu/hr ft'^P 

«id th«t of th. 5/32-di«.t.r hoi. w.« d.t*nixn^l to b.: 

»•• h -  300 Btu/hr ft' P. 

1h.M v.lu.. w.r. uwd for d.t.r«inlnq th. oonv.ctlon r..i.t«»c.. in 
.n.lytic.1 tWNP.r.tur. pr^ictions. 

K tot«l of twlv.    I Mil Hill  t..t. .t ««Mt tMi >M)^i 
oool»t flow r.t«. w.r. p.rfon»d on Cold PUt. No.   2.    All of th. t..t 
^i%r...nt^ w.r. obt.in^ with th. pl.t. in.ul.tl.     Hie. w..h.r. .nd 
tow Corning h«.t-.ink co-pound -.r. u.«d on .11  '"»'*'"**** 
joint..    Only h..t-.inX co«,«un^ w. u.«l on r..Utor «ounting loint.. 
L.v.r.  to lnv..tig.t. th. eff.ct. of ^c. m***^**!?*^ "J- 
th. «pplic.tion of  th. h..t-.ink «H*ound.   SOMI of  *• «^ W"r' ^ 
fonMd without aic. w..h.r.. wltl»ut h.«t-.ink co^ound.   uxd «t dif 
f.r.nt atud torqu... 

1S5 



-^s^fete* 

u 

[ 
11 
j i 

m 
•4 
Ai 

3 
] 
I 
3 
& 

2 

0« 

156 



m-^ 
^ N % ' 

Vhi -o—«A^ 

r...... 

i 
I 

8 
1 

I 
J 
IM 
0 

J< 

I 
I 
I 

157 



IN 

158 



Tabl« 12 ■uHMrizcs all the test condition«.  Temperatur« readings 
of the theraocouple« Installed on the plate and electronic coa^onents 
<as shown in Figure 60) «re contained in Appendix A. 

Figures 63, 64. and 65 show the teaperature distribution of the 
plate at the test conditions indicated.  COBfjarlson between experiaental 
and analytical data is also aade.  Th« naxiauB deviation of approjcl- 
■ately 7 r' occurs at test condition 9 (aaxiauB heat load).  This value 
amounts to an error of less than 6 percent, which can be considered 
«Mil. seme  Inconsistencies, however, between the experiae.ital and 
analytical data should be noted.  With lower heat loads, the analyti- 
cally predicted teaperatures were lower than those aeanured.  With 
higher heat loads, they were generally higher than those neasured.  This 
condition was probably caused by the convection heat-transfer coeffi- 
cient changes with teaperature.  The heat-transfer coefficients of 
liquids increase with tea^rature.  This is particularly true for li- 
quids of high viscosity.  The accuracy of prediction could be proved 
by selecting saall nodes around the areas of the concentrated heat 
loads, and accounting for coolant property changes with teope-ature. 

Figure 66 shows case teaperature changes of SOBS of the electironlc 
coaponents as a function of coolant flow rate changes.  The electrical 
power dissipation froa the coaponents was aalntained constant throughout 
the tests. The large teaperature differences aa»ng the transistors can 
be explained by difference» In the theraal resistances of the aounting 
joints.  Table 13 stows this condition.  Different slopes of the tem- 
perature changes aaong the transistors can also be observed.  This 
condition can be explained by the different theraal resistances In the 
conduction heat-transfer path.  The larger conduction resistance reduced 
the effects of the convection heat-transfer coefficient changes. 

Table  13. Theraal  Resistances of Transistor Mounting Joints 
(Cold Plate No.   2) 

TKANSISTOR 
NO. HR  "F/BTU 0F/WATT 0C/WATT 

0.34 1.14 0.M 
0.32 1.10 0,60 
0.59 2.01 1.12 
0.75 2.56 1.43 
0.59 2.01 1.12 
0.49 1.67 0.93 

Figure 67 shows transistor case teaperature change« as a function 
of electrical power dissipation rate changes. The teaperature darts 
show a slight deviation froa the linear slope. This can be caused by 
Increased heat losses and Increased convectior; heat-transfer coeffi- 
cients with an Increase In the teaperature of the plate. 
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» 

COOLANT FLOW RATE, LB/HR 

Pigura 66.  Component Case Taaperatur« vs Coolant Flow Rat« for 
Liquid-Cooled Cold Plata No. 2 
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As «li-Mdy MntioiMd, TabU 13 pr«Mnt« th« thanMil r«»i«t«nc«B. 
«tetcrmiiMd fro« twfwratur* and alactrical powar dUatpation rata naa- 
«uraaants, of tha transistor ■mmtittq Joints. While tha K>untinq-joint 
tharaal rasistanca of tha lar9sr transistors was practically tha saas, a 
si9nlfleant variation csn ba obaarvad mrmq  tha HMllar transistors, 
for aaaapla, a variation of approaiswtsly SO parcant occurs batwasm 
Transistors 14 and 16. This variation was probably caused by ths dif- 
farant thicknsssss of »ics washa^s. 

Tabla 14 prasants tha tharaal resistances of rasistor Mounting 
joints. Tha hlqh aountinq-joint tharwsl rasittanc« of Resistor 11 «MS 

by a daasqad tapped hole. 

Tabla 14. Thensal Kasistances of Transistor Mounting Joints 
(Cold Plata No. 2) 

RKS I STt)K 
HO. 

\<" 1 
I 
1 
4 

IIP  r/BTU 

0.56 
0. J6 
0.32 
0.33 

F/WATT 

1.23 
1.07 
1.07 

•C/WATT 

1.07 
0.68 
...... 
0.60 

Figures 68 and 69 show the Mounting-joint thenssl resistance« of 
Transistor 11 as a function of stud torque and tha following test 
conditions: 

(i) Mounting joint without aica washer and without heat-sink 
pound. 

(2) Mounting Joint without mica washer, but heat-sink coapound 
applied to all asting surfaces. 

(3) Mounting joint with 0.0025-inch aica washer, but without haat- 
sink coapound. 

(4) Mounting joint with 0.002S-inch Mica washer and heat-sink 
compound spplied to all asting surfaces. 

Proa the data presented in the figures, the following conclusions 
were drawn: 

(1) Application of the ales washer caused a significant increaae 
in the aounting-joint thensal resistance. 
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0.4 
NOTE: JOINT WITHOUT MICA WASHER 

JOINT WITHOUT HEAT SINK COMPOUND 

40       50 
STUD TORQUE. IN-L3 

ngur. 68.  Ther«i K«i.t*nca of Tr^.i.tor 11 Hountin, Joint v. 
Stud Torqu« (without Mounting Washer) 

: 
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0.9 

.0 0.8 

i 2 0.7 

2  0.6 

I 
| 0.5 

0.4 

0.3 

MOTE: JOINT PROVIDED WITH 
0.0025 IN. THICK MICA WASHER 

JOINT WITH HEAT SINK COMPOUND 

20 40 
STUD TORQUE. IN-LB 

60 

Piqur« 69. TharMl RasistAnc« of Translator 11 Mounting Joint vm 
Stud Torqu« (with Mounting Masher) 
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(2) Itoat-Blnk coopound «ppli«! to the Mtmq surfaces signifi- 
cantly reduced the <oint therasl resistance. 

(3) The stud torque had a wry limited effect upon the joint 
thermal resistance when heat-sink coi^ound was used. 

3.   Liquid-Cooled Cold Plate No. 3 

Plqure 70 shows the experlaental liquid-cooled Cold Plate No. 3 
The cold plate was made of copper and provided with an internal coolant 
flow cnannel.  A total of six transistor Mounts, as shown in Figure 71, 
provided finished mounting surfaces. UM electronic equlp^nt «ounted 
to the plate consi.fed of two 2N38 * transistors (TB 11 and #6). two 
2N1724 transistors (TR 12 and #5). one 2112751 transistor (TR 13), «nd 
one 2N2109 transistor (TR 14).  Tes^erature wasurements throuqh the 
plate were made at the locations indicated in Figure 70. 

TRANSISTOR 

Flgurs 71. Tranalstor Hounting on Liquid-Cooled Cold Plate No. 3 

Figures 72 and 73 show the R-C networks of the plate and coolant 
flow channel, respectively.  As the coolant flow channel is not circular 
in this cold plate, the hydraulic diameter, D»,, awst be used in the 
Reynolds and Nusselt mufeer expressions 

Dh"4r 

Where    A ■ the flow area, ft1 

P • the perimeter of the channel, ft. 

169 



4 

< 

mtm 

i 
a 

»-»loo 

! 

-loo 

170 



'.'• 

\o 
(X 

ir> 

Of 

o-V 

y 

« 

I 
8 

I 
T 

I 
J 

o 

I 

X 

i 

171 



- 

'■ 

f^J 

j n 

«"U f^i 

^ 

u 
I   I ex 
I   I 

il 

wO( 

* 

.ifl 

^ >• 

M 

^l< 

l o: 

•" 
I     •> u 

^ 
(Nji 

I QC 

00 
f^. 

^1« 
CMJ 

u 

'<\J H 

<\* 

172 



Th« flow ch«nn«l her« wu int«rrupt«<J by th« tr«nH»tor Mounts, there- 
for«, mm »vmtaqm  width waa mmauamd.     The flow «r«a. A. was determined 
to be approKiwtely 0.00108 ft? and the hydraulic diaaeter. Dh, was 
found to be 0.019 ft.  With | coolant flow rate of w - 100 Ib^hr. the 
Reynold. nu«ber. Re. was deteralned to be 19S.  As the flow channel of 
this cold plate was s»re co^le«. it was doubtful if any of the standard 
ce«tbook forced-convection equations would fit this particular con- 
figuration.  The heat-transfer coefficients, therefore, were determined 
by using both the Sieder-Tate and McAdams equations and the coaputed 
values used In the analytical predictions.  As with th* previous cold 
Plates, the Sieder-Tate equation gave too low of values for the heat- 
transfer coefficients (h - 105 Btu/hr ft?0P), while the HcAda.. equation 
gave too high of values (h - 235 Btu/hr ft?0r).  it was determined that 
a heat-cransfer coefficient value of h - 150 Btu/hr ftJ'F provided a 
compromise between the experimental and analytical data. All »he com- 
parisons, therefore, were based on this heat-transfer coefficient.  Ttv» 
reason for this Inconsistency can probably be based on fin effects.  The 
heat-transfer coefficients along a fin are not constant, but their value 
changes along the fin.  The same phenomena was also observed with the 
air-cooled cold plates. 

Table 15 suamantes all the test conditions.  Tes^erature readings 
of th« thermocouples Installed on the plate and electronic coaponents 
(as shown on Figure 70) are contained in Appendix A. 

Figure« 74 and 75 show tes«>erature distribution of the cold plat« 
at the test conditions indicated.  Comparison between experimental and 
analytical data was made by using the heat-transfer cotfflcient of 
h II 150 Btu/hr ftJ#F.  The results show a good agreement between the 
«xp«»;lm«ntal and analytical data.  A maximum daviation of only 50F oc- 
curred at the conceitrated heat load. 

Figure 76 shows transistor case tesiperature changes as a function 
of coolant flow rate changes.  By Increasing the coolant flow rate from 

) Ib/hr to 200 Ib/hr, a maxim« case temperature reduction of only 240F 
was acnleved.  The gain was small wnen the coolant flow rate was In- 
creased from 100 Ib/hr to 200 Ib/hr.  No practical gain at all would 
probably be achieved by Increasing the flow rate further.  Because of 
«l«ctrlcal powar limitations in aerospace vehicle«, the coolant flow 
rates must be kept a« low «« po««lbl«.  If co^onent te^wratura« must 
b« reduced. It would bw more advantageous to reduce reslstanca« In th« 
conduction heat-transfer path. 

Figure 77 shows transistor case temperature changes as a Junction 
of ele^rlcal power dissipation rate.  The different rates of te^>era- 
ture changes were caused by the different «ounting-joint thermal re- 
sistances.  The figure Is self-explanatory; It Indicates the tes^erature 
Increase of electronic cosponents with increased electrical power dissi- 
pation. 
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TEST CONO. 
• 13 

COOLANT HÖH RATE, LB/HR 

Figure 76.    Coapona.it CM« Tcaperature vs Coolant Flew Rate for 
Liquid-Cooled Cold Plate  No.   3 
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ELECTRICAL PWER DISSIPATION. WATTS 

rigur« 77.    OoaponMnt CAM T«h(wr«tur« v» El«cUlc«l Powu Olui|)«tion 
for Llquid-Goolsd Cold PUt« No.   3 
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«^tll1'^'»1^ ^ •"•Ctl 0f •»c*-—h" thickn... upon iran.Utor 
■ounting-joint   ttvrmml  r«.t.t«nc«,   *«.h.r. of diff»r»nt   thxcknm»9mm wtm 
••l«ct«J and UMd  in aountinq tranaistor  93  (2lil724).     Ihm miv-ymUmr 
thiaknmmfm ••Imctmd Mr« O.OOii  inch»..  0.0040 inch...  «nd 0.0080 
inch^.    A «tud ton«» of 20 in-lb M> uMd ;n «11   t«.t.,  «nd th» h»«t- 
• ink co^ound w«s «ppu«l to «11 Mtinq •urf««..    ih. coolant flow r«t« 

- MintAiMd tU mmm throughout  *li   th» tests. 

. rl9ur* 78 *hmn th« t««p»r»tur« cl^nq». of Tr.n.Utor  «2 C«M M « 
function of •l.ctrici powr dissipation rst« «t   ih» thr.» diff.r.nt 

Ü^üir!'^ ,tn•1••"•    ""**  ,i9ur# ****" thm »^"^««t .tfscts of 
-Mh«thickii»ss upon th« co.pon.nt  t.^»r«tur..     Whsn «etiw sl^rtronic 
«■ponMits «r«  installed,   it  is  iaportant to saUct Mashers which will 
satisfy the Minim« insulation requireaents. 

rijure 79 .how. the case tes^erature of Transistor  12 as | function 
uU ü    ^ t***' di"lP*tio"-     "*» toques of  10 and 20 in-lb were 
u^ad.     The mxmtinq aas provide with a 0.0040-inch .lea washer and 
"••t-slna caapound. 

•3 ./IT* f? "T ^* «««^^-loint  thermal  resistance of Transistor 
•2 as a function of »ica-w.shar thickness.    ** test point, are sver.oe 
«lues obtain«! fro. «aaur—nts taken at various heat  loads.    TZ 
h»at-sink ***** -as applied to all .stliH, surface, end the'stud 
torqu. was 20 in-lb.    The figure la salf-eaplanatory. 

4.       Thermal  Perforaanoe Caparison of Liquid-Cooled Q»ld Plate 

Sine« the cold plates tested were of different design.   It  Is of 
interest to ««para their thenal perfonsanca on a coMon basis.    Be- 
cause of • t«*Wy in electronlc-wittlp^nt cooling application« to ea- 
Sr/I» .C*^      »y 0    ftJ "•"•'•«•  m tar» of re«ltt«nce..  «uch «• 
r/»tu,    f/watt.  or    c/watt.  the cosiparlson is based on themsl  resis- 

tance« coated fro. the iollowing expression. 

-f 

At • t  . - t 
pl(SMK) 'fl 

'pl (SWJI) ■ ^ m*n  ■■I"* t«^>er«ture of the cold plate 
—sored at locations of the concentrated heat 
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220 0.0080  IN.   THICK 
MICA WASHEk- 

HEAT-SINK COMPOUND 
APPLIED TO ALL JOINTS 
STUD TORQUE  ?0  IN-LB 

20       30       40       SO 

ELECTRICAL POWER DISSIPATION. WATTS 

60 

riqure 7U. CAM Taapwratur« of Transistor #2 vs tlsctricsl Power 
üisslpation (Effscts of Hashsr Thickness) 
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£LECTRJCAL POWER DISSIPATION. MATTS 

rigur« 79.    CM« T««ip««tur« of Transistor «2 v. El.ctric«! Powr 
Oisaipation   (Effects of stud Torqu«) 

^ 
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- ^fl «i th« man  taaparatur* of the coolant 

p " th# total bm»t  or «Uctric«! powar <llc.ip«uid by 

Table lb present« theraal rasistences obtalnad as Man valiu,. fro- 

ÜI L^'iLffT        ■,D8t •"•ctiv« ««lAng while Cold Plate No. I 
MM «ost inefficient.  It «hould ba noted that Cold Plate No. 3 was Jde 
of copper while Cold Plata8 No. 1 and 2 were «de of aI«inC  ^L^J 

ritl li' ^"^ °f ^ hi9h" thermal conductance of copper. Cold 

tarial. although othar con.iderations Bometimm*  night require the «•- 
laction of anothar Material. 

Table 16. Theraal Perfomance Coapariaon of Liquid-Cooled Cold Plates 

1 
I 
l 

0.0452 
0.0416 
0.0282 

0.1S3 
0.142 
0.095 

0.08S 
0.078 
0.053 

that o"^^/^ V0^ 5? '" ü" pUt- «»""^"tiona. such a. 
tnat of Mo«. 1 and 2. the largest theraal resistance occurs within the 
^^^'""•'" ***•    ^"^"ture reduction of such ^o d ^Ite. 
IT^i ^  ^ lncr—in9 the convection heat-transfer surface Ir.l 
or by increasing M. heat-transfer coefficient, or both.  More efficient 
da.igns with extended .urfacas and hunting arrang-ent. are Risible 

S IST^TTZ 0lm !!g":>"^ -3 STS dictated" i;• 
Ült^. ' Pri-rily ^  the «agnitude of  the concentrated 

5.       Saaple Calculationa 

Under preliminary design conditions,   it  is almost always necessary 

Ine^f^üT! ^"Ü1'1^  thern*1  •nÄlyi« of  the cooling device.     Such 
t^l/i    T S d 0!: ^00lmnt inUt te-^'--ture and  flow rate,   the 
SLfS^^ZeüS    r0? ^ el*Ctronic ■fUMl^L   a~J  the general outline of the cooling oevice:     a cold plate  ii. this case. 
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When the general outline of the cold plate and the gmamtry of the 
coolant-flow oondulta are know), the convection heat-transfer coeffi- 
cient can be deterained fro« procedures outlined in this report or 
elsewhere.  Starting with the general expression for convection heat 
transfet, we can state that 

Q . hA  i  - t ('.-•„) 

where    t. ■ the Mean bulk teaperature of the coolant and 

in   out 
fl 

On the other hand,  heat  absorbed by the coolant 
follows: 

be expressed as 

fi - wc      ft - t     \ P    \  out in/ 
(227) 

frosi which we obtain: 

t       . t,      ♦ 2— 
out iti • 

wc 
P 

where     Q - total power dissipated by the electronic equipsient, 
Btu/hr 

w > coolant flow rate, Ib/hr 

c - specific heat of the coolant, Btu/lb*r. 

fh*  aean wall tenperature of the coolant conduit can be determined froa 
the equation 
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Si *hA 

Wh«n the coolant conduit is attached to on« slda of tha cold plate (Cold 
Plate No. 1), an efficiency factor, n. Mist be introduced as follow«: 

S* " 'fl ■ '.A 

Based on the aean te^>erature of the coolant conduit,   tee^eratures of 
the electronic-co^onent locations can be co^>uted if the power dis- 
■ipation rates are kno%m. 

r 

rot  exas^le. let's determine the teaperature of the cold plate at 
transistor 11 (TR 11) location (thensocouple 114 reading) under test 
condition No. 9.  At this test condition, the coolant flow rate was 
w ■ 100 Ib/hr, the coolant inlet teaperature was t... - 740F, and the 
total electrical power dissipation rate was P - 332 watts or 0 - 1129 
dtu/hr.  If a 5-percent heat loss to the enviromsent is assisaed. 
0 - 1070 Btu/hr.  The outlet teaperature of the coolant can be detr- 
ained as follows: 

i  » • t.  ♦ 2— - 74 ♦  1070 , . 88 l«P 
out   in  wc        100 (0.75)   b'3 F 

The mean coolant teBf>erature is 

-    74 ♦ 88.3 
fl '  2  " 81-15"F 

tfl ^ 8i.F 

Next, the aean teaperature of the coolant conduit can be detenined fro« 

K  " Si * fe 
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previously qivmn  valu* of h, «• know ih*t 

h - 160 Btu/hr ft'V 

Th« turf »cm arc« of th« conduit  is  foiHid fro« 

A • KdL 

A  -   I   (O.J05)(24.2)   -   23.2   In'   -  O.lftl   ft 

It «MS (WtcnUMd that n - 0.90, than 

T . 81 ♦  1~322  
V       0.90 (160»(0.161) - 81 ♦ 46 - 127«P 

V- The twnparatura diffarantial within tha «ounting plate can be 
ietetainad by applying two general Methods:  (1) drawing the flux plot 
fro« the contact area of the transistor to the section where the tube it 
attached or (2) assuaing a radial heat flow frosi the transistor contact 
area siailar to heat flow through a disk. 

kA 
f.    -  t 
—J i 
r - r 

t i 

where 

A - A 
A - -*-—* ,n(wA.) 

Refer to Figure 45 (Cold Plate No. 1). Two circles of radii 
ri  - 0.312 in. and r, - 1.125 in. can be drawn around TR #1 location, 
and the heat flow areas can be determined as follows« 
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A^   ■•   ndÄ  -   «(0.625) (0.25)   -  ü.49   in' 

hl  '  "'V  '  1,(2'25><0-25»   -   1-77 

Therefor«, 

. 1.77 - 0.49 1.28       .        . , 
A- "   Ind.77/0.49)   "   1728  "   l   in    * 0-0t>69  ft 

teaperature of  the cold plate at the tranaiator hunting place can 
be computed as  follows: 

t     ■   t   „   ♦  •— 
i pl        IcA -(',',) 

where Q.   in  this case, la the heat dissipated by the transistor. 

Q - 50 (3.4) - 170 Btu/hr 

Substituting values, we find that 

t - 127 ♦ 170 
100(0.0069) (0.094 - 0.026) - 127 ♦ 16 • 143^ 

The teaperature actually Measured was 1360r. 

The siaplified computation method provided a close agreement with 
the actual temperature.  Based on this temperature and the known inter- 
face thermal resistance between the cold plate and the transistor, the 
junction temperature of the transistor was determined. 

It should be noted, however, that this cold plate presented the 
simplest thermal performance prediction effort.  It is possible with 
this cold-plate configuration to separate convection and conduction 
modes of heat transfer, and it is not necessary to introduce surface 
effectiveness factors. 
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b.   Air-CooUd Cold Plata« 

1.  Types of Cold Plates Tasted 

Malted experlaental work |>erforaed with air-cooled cold plates In 
a previous study (Rsf J9) revealed that accurate theraal perforMnce 
prediction, based on standard textbook equations, is u^ossible.  Sig- 
nificant errors can be introduced when thermal performance predictions 
are based on fully-developed velocity and temperature profiles.  To 
invsstiqate the main parameters affecting the heat transfer and the flow 
diutnbution of air-cooled cold plates, a «ore extensive study was 
n.uiau-d which tested cold plates of different aspect ratios and mani- 
fold configurations. 

The cold plates tested can be divided into two general categoriest 
(1) cold plate» with plain air-flow channels (without finned or extendea 
surfaces) and (2) cold plates with air-flow channels provided with 
compact heat-exchanger cores.  Cold Plate Nos. 1, 2 and 3 were without 
finned surfaces, while Cold Plate Nos. 4, 5 and 6 were provided with 
cowpact heat-exchanger (»res.  Each of the two categories represented 
three different aspect ratios and was tested with three or four dif- 
ferent manifold configurations.  Except for Cold Plate Ito. 3, all of the 
cold plates were of apptoximately the same sis« as far as the equipment 
■ountlng surface« were concerned, but of different air-flow channel 
width (flow channels of different aspect ratios). This was done to ease 
comparison among the different coid plates and smnifold configurations 
by reducing the amount of unknowns which could affect thermal perform- 
ance. 

All of the cold plates were made of al>im<num and provided with 
flanges to allow installation of different «anifold configuration«.  To 
simulate realistic conditions, actual electronic equipment d-ower tran- 
sistors 2N1724) were used as the heat load.  Thermal performance of the 
cold plates was determined at different conponent power dissipation 
rates and different cooling-air flow rate«. Actual test results were 
compared with computer analysis, baaed on the Hesistance-Capacitance (R- 
C) network. 

Although it is not likely that a cold plate for cooling of high- 
density electronic equipmsnt would be made without extended surfaces, it 
i« of interest, fro« the heat-tränster point of view, to investigate the 
thermal performance characteristics of such sla«>le cooling device«. 

2.   Manifold Configuration« 

Since the cold plate« in an actual electronic equipment cooling 
system would be connected to an air distribution ductwork, a manifold is 
needed to admit cooling air to the cold plates.  The available space and 
the electronic equipment arrangement would dictate the manifold con- 
figuration and arrangement used.  Besides effects upon heat transfer and 
preesure drop, some manifold configurations might cause flow distribu- 
tion, thus temperature distribution problems. 



\<" 

So  that th« cooUng-«ir «ntry «ffecti I^OI. 
of th« cold pUte. could be inv..tig.t«l. ■«.ifold« of four different 
configuration, ^r. fabric««! 4nd ta.UKl.  Th, «nifold configuration, 

^a ^"        "* Prm"nU*  With th« P"ticul.r cold plate, that 

(I)  Alr-Cooled Cold Plate No. 1 

Pl^/^"^ *L?T*  "* OUtnnm 0t  th* '^   ■! *ir-cool«l Cold 
li^    <:* „ !*" * Weld^ "X"*'-»*» ■•d« of alu-inu« .nd pro- 
«^r^ 6- 5rr?/al i":tall*tion of -^old.. r^ nr.tlo.  channel ■aa.ur^ 6-1/4 K 1/4 incha.. repre.enting an aapact ratio of R - 6.25/ 
0.25 - 25. The hydraulic diuMter was 0}, - 0.040 ft. 

th- -Ti^IT/2 'HT th* •'tl>«rl-«nt*l -ir-cool«! Cold Plate So. 1 with 
tha Mnifold configuration identified a. il. -m. figur# Ai90 ah(nn 

tran.i.tor and thermocouple location..  The tran.i.tor. (tyre 2111724) 
-.re attached directly to the plate without insulating «22.X 4^ 
«rting the- into tapped hole..  Haat-.ink ««pound wa. applied to all 
-ounting )ont.  Tran.i.tor ca«. and plate te^erature. Cire «easurü 

*w[^ «J CO?llnq-*ir flow "t'- «i different electrical (Jow.r di.- ■ipatlon rate, fro« the tran.i.tor.. 

flo« rl^I ^ '•"P*"^* üf th* P^te at the different cooling-air 
flow rate, was «ea.ured and the electrical power dissipation fro« the 
component, was computed, the convection heat-transfer coefficient, were 
deter«ined fro« the following expression: "cient. were 

0 ■ Ah (At) 

Art) 

w(..t.. 0 ■ heat transfer rate by convection, Btu/hr 

h - heat transfer coafficient, Btu/hr ft^'r 

A - heat trai.sfer area, ft' 

At^ - logarithmic «aan teaperature difference, 'r. 

At At' - At' 

In AtJ 
Af 
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' 

rjqur« 83 ■hen» th« variation of t«^>cr«tur« differenc«  fro« At*   to M' 
If  th« ratio Ät'/At"  Is «Mil   (<2)>   the arlthwtic Man t^fwratur« 
lifferanca can be uaed. 

' 
Figure 83.  Variation of Difference 

Under condition* where the surface teaperature of the plate Is not 
unifon. but exhibits SOSM significant step changes, the local values of 
the surface coefficients mist be detereined. 

x   At 

Nu 
x k 

Wt..'t.. q" U) - the local heat flu«. 

This condition is further coaplicated by the fact that the heat fit's is 
not unifom, but varies along the surface.  However, when the plate is 

of high theraal-conductance «sterial, and there is no significant 
irature gradients within the plate, the arithaetic swan teaperature 

difference between the piate and cooling air can be used 
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KÄtl 

t  ■ •rlth«»tie MM tMp«r«tur« of UM pl»tm,  *f 

t. • ■••» tMpantur« of ale, *r. 

TabU 17 pwmmmnf mil  th» tmnt  conditions o* Cold Plat« Mo. 1 with 
Mnifold confiquf*tion 11.  TMf>«rature r*«dinqt of UM thsrwH-oupl«» «t 
th* diffetant t««t conditions srs contsinsd In Appsndis A. 

Figur« 84 shows t*afi«r«tur* distribution scross the plats «t UM 
two sections Irtdicatsd by tha thsrsoco^los. TtM tssts war« psrforMd 
at dlff«r«nt coollnq-alr flow ratas, but with constant power dissipation 
rates fro« tha transiston.  The fiqur« show« the significant reduction 
of UM t«a^«rature of the plate when UM cooling-air flow rate Is In- 
creaaad.  It also shows that tha rate of ta^Mratur« change Is raducsd 
at the highar air-flow ratas. Indicating that there la a li«it to which 
SOM noticeable taa«Mrature reduction can be obtained. At far as te»- 
perature gradient* within the plate are concerned, no noticeable affects 
could be obs«rv«d with UM flow-rate chMgas. 

Figur« SS shows taapsratur« distribution acroaa tha plate at con- 
stMt cooling-alt flow rates and thrM different alecUl.al pow«r dla- 
slpatlon rates fro« the translstoru. The figure is self-explattatory. 

Figure 86 shows tsaperature distribution of the cold plate at a 
coollng-alr flow rate of w - 68 lba/hr. and ar. electrical power dit- 
sipntion of 100 watts (20 watts fro« each transistor). TtM figure shows 
coaparlson hatwMr. enperiMntal and analytical result« at two different 
conditions used in the analysis. 

(1) An average heat transfsr co«fflcient based on ««pcriiwntal 
data was used In deteralnlng the convection re-Istances as 
follows I 

V. ^  (SplX^K, " ^l) 
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«V 

«   ■V    pieman) flJ 

A A 
n    • n^.  r^i ♦ r,    -£ 
f         (4  A c A ■ • 

• 
(2)     He«t  transfer  co«ffici«nt«,  <tet«rmiiMd froa eiqpcriwntal  data 

tor Bountlng and cover  plates  jere used separately to de- 
■ ermine the convection resistances as  follows: 

pi      wc 

öpi'npiApi hpi (Vto»i - »n) 

..r«1 

•i± 
pl / - ^ 

"pi Pi I'pUmaK) " ■fl) 

0 ■ n A h f t.- t ^ 
"c   c c c V b   f 1 / 
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I!,   i 

^cK-'n) 

•-• 

•xp.ri.ent*!  and an*lytic.l  data can be obt*    -i     'J'""1   b*t,w«n t»« 

STATS S'Sir^ 3~ ä äLä 

c«n I» .«D.et.d  .h.;   »hTi:   .   ; ^ "* Und,r  *ctu*1   condition«,   il •no. exp.ct.a tint ttx h.«t-tru>.f«r co.ftlci.nt of th. cov.r ol.t. 
»Ill  lnct..„ „th Incr...«! t^.r.tux. unifor«lt». 

•t  the concentrated heat   load,   and wa. probably caused by  the  äelecUon 

* i^Tf-** arounfthe f*input "••• ^-"^ *-- 
" g^^lv ?pTfreXP#rlrntal  ^ ^y^'l ^ta can be .on.idered 

.lr  fl^rlt!9 •IT' ?•- ^■^r*tu'« of Trw.i.tor  #3 ver.u. cooling 
(20 mSJTL 21 SSIS |,Wer «""^on  fro- the  tran.i.to« 
teat!      ^nf^ Ü5 tr•n•i■tor,   «" «intaxned constant   throughout  the 
JII Jeer^ yK    r8l't0r  #3 t«^"^"  *• -ho«" because  it Z only a 
tZj^SZ^ST  th?n  ^  te,,^"t— o*  ^ other  transistor,    ^e 
tirc^U^ Ai^^,qUlP"nt  y""" c*n ^ significantly affected by 
^.cuü «;    L "'•;     " 0ther P""-*«" «• ^Pt conatant. y 

^r^ntl oTZ0^ IS  flOW "^ ■,U't ^ ^^ on  th«  te^rature 
SrSZTLl    Jli! ^    0;iir,UH->nt-     "  8hOUld ^ -tedTLwever. cnac   tnere is a li«it beyond which  the  increased cooling-air  flow rat., 
-ill not noticeably reduce  the equipa^nt  te^rature. 
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THERMOCOUHE LOCATIONS 

Kiqure 88.     Tm^tmrmturm Distribution of  Air-toolnd Cold • Jate No.   1 
(Manifold 91)  at Taat Conditions 5 thru 7 
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40       60        80       100 

COOLING AIR FLOW RATE. LB/HR 

Figur« B9. Case Temperature of Translator No. 3 vs Cooling Air Flow 
Rate for Air-Cooled Cold Plate No. I (Manif-M #1) 
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1 

fi-jur« 90 shot» th« •xp«ruwnt«l «ir-cooled Cold Plttm  No. 1 with 
tbm  Mnifold configir.tion id«ntifi«d M 12. Gmnmrtl  configuration of 
the Mnifold is the saw «s tl, except for a 12-inch straight section 
attached to the cooling-air entrance end of the cold plate.  Tliis re- 
duced turbulence effects caused by the aanifold.  In accordance with 
Reference 9. the local Nusselt nwber has closely approached its aaywp- 
totic value at « thenssl entry length of X/D - 25. 

As with the previous configuration, the cold plate was tested at a 
constant heat load and different cooling-air flow rates to allow de- 
termination of the hear-transfer coefficients. 

Table 18 presents the test conditions performed with «aruMd 
configuration «2. 

Table 18. Test Conditions of Air-Cooled Cold Plate üo. 1 
(Manifold Configuration 12) 

TEST 
NO. 

AIR  FLOW 
RATK   (Ib/hr) 

ELECTRICAL   POWER INPUT TO TKANSISTOk-S   rwATrml 
TR   11 TR  »2 TB  13 TR   M TR   IS 

1 22.5 20 2C 20 20 20 
2 45 20 20 20 20 20 
3 68 20 20 20 20 20 4 94 20 20 20 20 20 

rature readings of the thensocouples are contained in Appendix A. 
The locations of the thermocouples were the sane as shown in Figure 82. 

figure 91 shows teaperature distribution across the cold plate at 
the four different air flow tates.  When the tei^erature distribution 
between the two aanifold arrangeaents is cos^ared, an approxisMte tea- 
peraturo difference of loV can ^e observed.  The higher teaperatures of 
the cold plate with the 24-inch section were caused by redu ed turbu- 
lence which, in turn, reduced the heat-transfer coefficients.  More 
detailed discussions about detsraination of the heat-transfer coef- 
ficients are provided at the end of this section. 

Figure 92 shows the experiaental air «»led Cold Plate Mo. 1 wit a 
the aanifold configuration identified as «3.  Such a aanifold config- 
uration would occupy the least space; therefore, it could be used in 
systeas with space llaitatione.  Siailarly as with the previous con- 
figurations, the theraal tests were performed to determine testerature 
distribution of the cold plate and provide information for cos^uting the 
experimental Nusselt timbers and/or heat-transfer coefficients. 

Table 19 presents the test conditions of the cold plate. 
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Figur« 92.    Alr-Cool«d Cold Plat« No.   1 with »Urufoid Configuration 13 
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-» 19. Tmut OcmdUlans of AJr-Coolcd Ctold Fl«t* Ho. 
(Manifcid Confifuration tl) 

TEST 
MD. MTE (Ib/hf) 

EUECTUIi At l-OWFK INPUT TO THAHSls-mi« <«*-f^.,l 
Tk •) Tu tj Tf* •) TB 14 TB iS 

22.5 
45 
M 

20 
20 
20 

20 
20 
20 

20 
20 
20 

20 
20 
20 

20 
20 
20 94 

45 
20 20 20 

20 
20 20 

45 30 
45 40 

' 

i*«>t. «t th« ditfmrmnt ft eooditloo. *r« contain^ in APP^VUKT 

rifur. 93 .hm» t«^«r.tur« di.trlbution «cross th. cold pUtm mt 
four dlff.r«,t cooU^-.ir tia* r.t.. M .t . con.t^t .l.ctrJc^p^.r 
dL.lp.tion r.t« of  100 -tt. fro. th« co^oft«it.   (20 -tt.  froT^JT^ 

Pl.t,.   t^psr.tur. di.tribution of th. pl.t.  I. dl.t^fd.     r^t£ 
p««ur. «...ur^t, indicts th«t th.  Ur^o.t coolinq.-ir  tlm MM 
occurs « th. d^d «»d of th. «tr«o. «.nlfold.     n,U JL»it^. ^ 
b. .«p«:t.d with unifor- flo^ch^n.1  width .nd «nifold ^t     1L  Mow 

thlt    !    / r  ;     ^* tM,Pw-tur« «Jiff«r.nti.l. ^ro» th. cold pl.t. 
o^ K!    .    . OUr*t*d d^nd ^ "- '-^•"tur. unifomity MJCSIM. 
of th. .Uctronic ^uip^nt.    ««ifold .iot. with r^uc^l crosü-U^ 

lon*l .r... will   incr.». pr.a.ur. drop Md ^ou.tic.1 not«.,  end th.ir 

* licUon WH *bOUt      ^ dl"tributl0n   in «nifold. M b.  fou«i 

 ***-.* *—? >^I>|IIM distribution «rro.. th. cold pl.t. «t 
diff.r.nt .l.ctric.1 powr di..ip.tioo r.f.  fro« Tr.n.i.tor  «   «only 
SSi^^yj;   ll1 "■"[«  S • m*** ooolin^-.ir  flol r.J" '45 
mi'^iJrSSTl dlBt'lb«tlon «• «»^ «  th. coolln^-.lr .n- 
MM.   th. «M. tr.nd in tM^.ratur. di.trlbution can bm obMrMd. 

».v^^! »WlMnflly d.t.r«in«l ««wit  nu^er. wr. plotMd v.r.u. 
r^J"^ ,^!,M

,0r ^ Sü -nlf0ld -^■»■■IW ^ .r. .hown^n n^ir. 95.     r*m Nu.Mlt n«b.r. w.r. .v.lu.t«l fro. th. known .«pr...lon 
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* 

h -  th« he«t  transfttr coefficient,   »tu/hr ft,er 

Oi, - the hydj-«uJic diMwter,   ft 

k » the rjtenul  conductance of  the «ir,  Btu/hr  ft^P. 

Procedur« for determXninq the forced-convection he*t-tr«n.f,r coe'- 
f cxent. hee. elre^iy b^n di.c«.^.     a. „,«  .t#p ^ STSÜ*. 
tion of con.tent. .n the ftMft    |,   |     |, ^ „^ in ^^^^ 

Nu - C(Re)"(Pr)n 

I^tl ^ÜI' ^^L^-110"« *" —^ to detain, the thr^ cor- 
***» ****• »" p-y "«*>" ee. kept con.t^t throughout the 
^•ri^nt.. eith th, Reynold, «d Muewlt nu^er. u.ed *. vlri^le^ 
••■gllll lltrt^^i ee. plotted on  logerith^c coordinet...     Aft" . 

VJZ^ V™ !hrou9h ** piottmd point'' ^ mmZ Z w.« de! terained fro« the slope of the line. ... a» 

Hritinq the 
determine thet 

Husselt equation for teo point, on the line, ee ..«n 

)  (PrJ 
i    I 

Cl*m)   "(pr» 
t I 

loq Nu • lo*: ♦ a loq(R>)  ♦ „ log (Pr) 

loq  Nu  - loqc ♦ ■ loq(He)  ♦ | loq <Pr) 
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^ 
Subtracting on« equation fro« th« oth« and, r««rranging, 
the exponent, m,   as follow«: 

w« can coapute 

•og Nu - log Nu 
 i L 
log 9m    -  log Km 

... 

for  a constant Prandtl 
puted. 

r and exponent n, th« c-onatant C can be co«- 

Tabl« 20 sioMarizaa th« experimentally determined ':orced-convection 
h«at-tran«fer co«ffici«nt8 and NuiMit nuMwrt for th« three Manifold 
configurations.  It should be noted that both th« h«at~transfer coef- 
ficisnt« and Nussalt nuabers are average valuaa d«t«r»in«d trom  th« 
following expression: 

.A. (Spn-x-^fi) 

vbmr* no • th« ov«rall-surface etfectiv«n«ss 

Ao ■ th« total haat tranafar surface ar«a,   ft1 

t(i/l)iMax "  th* •v«>:'*<»e maximu« te^>etatur« of   th« cold plate 
-taurad at the tranaistor  locations,   0F 

•fl th« arithaatic swan cooling air t««p«rature, 0F 

Q ■ th« total haat load dissipated by th« electronic 
equipment, Btu/hr. 

When thermal performances of the cold plate are compared with the 
three different manifold configurations, it can be s««n that manifold 
configuration 13 providas th« highest Nusselt numbers.  This condition 
can b« «xplalnad by the larger turbulence induced by th« sharp turn of 
th« cooling air stream.  Figure 95 shows that th« difference in Nuasalt 
numbers between manifold crnfigurationa •! and »3 diminiahaa with In- 
creased Reynolds numbers.  It also shows that the manifold configura- 
tlor, even with the 24-inch straight section, does not have any «ig- 
nlficant affect upon th« Nusselt numbers. 

For comparison purposaa, the Nusselt numbers d«t«rmln«d by th« 
NcAdams equation are also plotted on the same figure.  It can b« aaen 
that th«r« la a significant difference between the predicted and ac- 
tually measured Nusselt numbers. The difference is particularly lar^a 
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•t th« lower Reynolds nvMbert, indicating that turbulence wee Induced 
into the cooling air itrea» entering the cold plate.  Configuration of 
the flow channel could also have had aoae effects. 

The confuted constants were substituted into the Nusselt equation 
to obtain the following expressions for the three aanifold configura- 
tions: 

(1)  Manifold configuration tl 

Mu - 0.295 (Re),'s' (Pr)''1 

:.- 

(2)     Manifold configuration  12 

Nu • 0.343   (Re)0'"   (Pr)0'1 

(3) Manifold configuration 13 

Mu • 0.470 (Re)0'1 (Pr)0"1 

Figure 96 shows the resistance-capacitance (R-C) network for air- 
cooled Cold Platt No. 1.  This network was used for predicting tea- 
perature distribution of the cold plate at the particular cooling-air 
flow rates and electrical power dissipation fro« the conponents.  For 
uniform flow distribution, all the nodes can be connected to the owin 
coolant stream as shown,  when the flow distribution is not uniform, it 
must be divided into separate channels; and the proper plate nodes must 
be connected to these channels.  Determination of the resistances and 
capacitances has already been discussed In Section XI and is not, there- 
fore, repeated here.  Only the R-C network of this cold plate is shown 
because the other cold-plate networks are similar. 

(2)  Air-Cooled Cold Plate No. 2 

Figure 97 shows an outline of experimental air-cooled Cold Plate 
No. 2.  The air-flow channel measured 6-1/4 x 1/2 inches, representing 
an aspect ratio of 6.25/0.5 - 12.5. Th»  hydraulic diameter (Dh - 4A/P) 
was 0.0773 ft.  The cold plate was provided with flanges to allow in- 
stallation of different manifold configurations. 

Figure 98 shows Cold Plate No. 2 with manifold configuration •!, 
The figure also shows transistor and thermocouple locations.  The 
transistors (type 2N1724) were attached directly to the plate without 
insulating washers.  Heat-sink compound was applied to all transistor 
mounting joints.  Transistor case and plate temperatures were measured 
at different cooling-air flow rates and different electrical power 
dissipation rates from th« transistors. 
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T«bl« 21 prcMnt. «11 the test conditions of Cold Piste No. 2 «I^J 
Ifold configurstion fl. 

•'■ 

Table 21.  Test Conditions of Air-Cooled Cold Piste No. 2, 
Manifold Configuration 11 

n,sT AIR PUOW RATE 
(IbA/) 

U.ICTRICAL POWEP INPLT TO TRANS 1 ST- f<.S (WSttB) 

Ti il TR 12 jy »i TR »4 TH *5 

45 20 20 20 20 20 
80 20 20 20 20 20 
124 20 20 20 20 20 
80 -- — 20 mm — 
80 mm — 35 * • .- 
80 " ~ 50 — -- 

Te^erature resdmgs of th« thernocouples at the different test 
conditions are given in Appendix A. 

Figure 99 shows teapersture distribution of the cold plats at a 
constant heat load of 100 watts (20 watts frost each transistor) and 
different cooling air flow rates.  The tasperature neasureswnts ware 
taken across the piste, perpendicular to the air-flow axis.  Figur« 100 
also shows co^iarison between analytical and experiments! dsta.  It can 
be seen that a very good agreeaant was achieved between the analysis and 
the exparisMntal results.  It should be noted, however, that experi- 
mentally determined heat-transfer coefficients were used in the anal- 
ysis. 

Figur« 101 shows temperature distribution of the cold plate par- 
allel to the air-flow axis.  Both »xperiswntal and analytical data are 
presented.  It appears that the swasured temperatures at tne cooling-air 
entrance end were lower than predicted.  This condition can be explained 
by the higher locsl hest-tranafer coefficients in the thermal entry 
region or the higher air-flow rate through the central «action. 

Figur«« 102 and 103 show temperature distribution of Cold Plate 
No. 2 at a constant cocling-air flow rate of 80 lbs/hr and three dif- 
ferent electrical powet dissipation rates from Transistor »3 (only 
Transistor || was energised).  Figure 102 shows temperature distribution 
across the plate perpendicular to th« air-flow axi«, while Figure 103 
shows temperature distribution slong the air-flow axis.  Analytically 
predicted tamperatures ars also shown, and agreement with the experi- 
mental data can be considered qood.  Here again, the largest difference 
occurred at the air-entrance end of the plate, indicatino higher local 
heat-transfer coefficients. 
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12 11 22 23 24 

THfIMDcOUPU LOCATIWß 

rigur« 9».    TMparature Olttxibution of Cold Pi«i« No.  2   (Ntnifoid il) 
•t Tttt Condition Ho«.   I thru J  (TC 16-21) 

200" 

190 

J  170 

-•-IXPERIMLNTAL DATA 
-^-.AMiniCAl  DATA 

• 13 14 IS 9 

THCRM0C0UPLC LOCATIONS 

rigur« 100.    TMip«ratur« Distribution of Cold Pl«t« No.   2   (Manifold 11) 
•t TMt Condition Nos.   1  thru  3   (TC 8-15) 
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THERMOCOUPLE LOCATIONS 

Fieuc« 101.    Twparatur« DUtrlbution of Cold Plat« Mo.  2  (Itanifold II) 
•t Tost Condition No«.   1  thru  3   (TC 10-2S) 
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THERHOCOUPLE LOCATIONS 

figur« 102.    TM^ratur. Distribution of Cold PUto No. 2  (Itenifold il) 

21 

•t Tmut Condition No«.  4  thru 6   (TC 16-21) 

150 

140 

—e—EXPERIMENTAL DATA 
—^-ANALYTICAL DATA 

Pigur« 103. 
TMERM0C14UPLE LOCATIONS 

T««p«r«tur« Distribution of Cold PUt« No.  2   (N«nifold tl) 
•t T«»t Condition NOB.  4  thru 6   (TC 14-25) 
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rigur* 104 shows the «Miytically and «spcrtMntAUy «tetsiaiiMd 
tM^wratur« distribution of  ths cold plsts st a cooling-sir  flow rst« of 
4%  ibs/hr snd sn slsctricsl powsr dissipation rats of   100 watts   (20 
watts frow aach transistor).     Tha analytical prediction» wsr« bas^J on 
tha  following thraa diffaiant convaction heat-transfar coafficisntst 
(II  Th« wi^ly uaad aquation racoaaandad by HcKdam» ylaldadi 

Mu ■ 0.023   (to) (Pr) ».» 13.» 

h ■ Mu £- • 2.7t »tv*/hr H§99 

r 
(2) UM aaparlaantally dstarsUnad avaraqe valua. h, 
6.74 Btu/hr ft]*r whara hÄV - hpj - he« i.a.. tha i 
usao  for tha aountinq and covar pl/itas. 

was  found to ba 
i coafficiant was 

(3)  Tho axpariasntally dotanunsd haat-transfar coafficiant of tha 
Mounting plata,  hpj,  waa  found to ba 8.3 Btu/hr  ft 
covar plata. he.  waa found to ba 5.25 Btu/hr ft,0F 

io 
P.  That of tha 

Aa can ba aaan fro« tha flgura. a taaparatura diffaranca of 134ar 
occurred uatwaan tha wsasurad and tha pradictad valuaa baaad on tsxtbook 
aquationa. This taaparatura diffarantial indlcatas that significant 
arrors can ba introduced into taaparstura predictions whan haat-transfar 
aquations davai-,ad for apacific flows snd haat loada ara applied to 
haat-tranafar equipment that do not havu such conditions. 

Tha Nuaaalt nusibara ware datansinad fro« tha expariaantal data, aa 
si ready discussed, and sra aa followat 

Teat 11, Nu • 33.S 
Test (2. Nu • 4S.3 

• 3. Nu - 56.3 

figure 105 shows aapariaantal alr-coolad Cold Plate No. 2 with tha 
■anifold configuration identified as 12.  In this configuration, a 24- 
inch strsight section was installed at tha cooling-air entrance end of 
tha cold plate to reduce tha turbulence effects induced by tha croaa- 
aaction change of the sianifold.  The entry length in this caaa waa 
L ■ K/Dh ■ 2/0.0773 - 26 which, in accordance with Reference 9. la 
cloaa to the required length for establishing s fully-developed velocity 
profile. 
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rtxim  configvu.tion of tha cold plat« ««■ tast^J at a constant haat 
load of 100 »atts anJ thraa dlffarant cooling-air flow rataa.  Tha tatt 
condttioni ara presantad in Tabla 22. 

Tabla 22. Ta.t Conditions of Air-Coolad Cold Plata No. 2, 
Manifold Configuration 12 

TEST AIR PLOW  RATE 
(Ib/hr) 

um 
TF      1 

CAL   P(JWl;K 
TR   13 

I HUT   TO  ThANSISTORS 
-i u   » ->             «... 

(watts) 

45 20 20 20 20 20 
80 20 20 20 20 20 124 
80 

20 20 20 
20 

20 20 

80 — mm 35 —— 

80 -- 
I 50 -- «■■ 

Taa^ratura readings of tha thensocouples at tha diffarant fast 
conditions «re given in Appendix A. 

riguras 106 and 107 show tiusparature distribution of Cold Plata 
»to. 2 at tha thraa diffarant test conditions and tha thamocouple loca- 
tions indicated.  The figure is aalf-anplanstory. 

The experi»antaily datarminad Nusselt nuisbers ara as follows: 

Test No. 1, 
Test No. 2, 
Test No. 3, 

Nu - 28.9 
Nu - 38.1 
Nu > 45.5 

Figure i08 shows expariKantal air-cooled Cold Plata No. 2 with 
«anifold configuration t3.  In this manifold configuration, the cooling 
air entered at one side of tha cold plate and left at tha other side. 

Table 23 presents all tha test conditions perfonsed with this 
■anifold configuration. 

Tasverature readings of tha thersocouples at tha different test 
conditions are given in Appendix A. 

Figures 109. 110, and HI show taaperature distribution of the cold 
Plate at sections Indicated by tha thermocouple locations.  The figures 
indicate that a significant tes*erature distortion occurred across the 
Plata perpendicular to the cooling-air flow straaa.  This condition was 
caused by the nonunlform flow distribution. Most of tha cooling air was 
passed through tha cold plate opposite the entrance side (dead end of 
thr manifold).  Electronic equipment mounted on such a cold plate would 
also have large temperature differences, causing packaging and elec- 
tronic system design problem«.  To reduce this problem, some means must 
be employed to Improve tha cooling air distribution. 
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?? n 24 12 
THEJWOCOUPLE  LOCATIONS 

Pigur« 106.    TaBp«r«tur« Distribution of Air-Cooled Cold Pl*te No.   2 
(»Unifold §2)  at T««t Condition No«.   1 thru 3   (TC  11-24) 

I4 10 23 25 • 
rMERMOCOUPLE LOCATIONS 

Figure 107.    T»Bp«rature Distribution of Air-Cooled Cold Plate No.   2 
(M«nifol<< «2)  «t Test Condition Nos.   1  thru 3   (TC  3-2b) 
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THERMOCOUPLE LOCATIONS 

Figure 109.    Tcaparature Distribution of Air-Cooled Cold PUt« No.   2 
(Manifold  13)  at Teat Condition Not.   1 thru 3   (TC 8-15) 

18 10 

THERH0C0UPLE LOCATIONS 

Figur« HO.    Teaperature Distribution of Air-Coolad Cold Plate No.   2 
(Manifold «3)  at Teat Condition No*.   1 thru  3   (TC 16-21) 
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Figur« 111,     Temperatur« Distribution of Air-Cooled Cold Plate No.   i 
(Manifold »3)  at Teat Condition No».  4 thru 6 
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Table 23. Tmut  Condition! of Air-Cooled Cold Plate No. 2. 
Manifold Configuration t3 

TEST 
HO. 

Alk PLOW RATE 
<lb/hr) 

ELECTRICAL POWER INPtT TO TRANSISTfiRh (watt«) 
TP •! TR 12 TR i. Tt- M TH IS 

4S 20 20       20 20 20 
80 20 20 20 20 20 
124 20 20 20 20 20 
60 — -- 20 -. __ 
80 mm -- 35 _ . _. 

6 80 — — 50 -- — 

Figure 112 shows experimental air-cooled Cold Plate No. 2 with 
■anifold configuration 14.  In this manifold configuration, the cooling 
air was admitted and discharged at the same side of the cold plate. 
This manifold configuration was used to investigate the possibility of 
improved flow and temperature distribution as compared with manifold 
configuration 13. 

Table 24 presents all the test conditions performed with this 
manifold configuration. 

Table 24.  Test Conditions of Air-cooled Cold Plate No. 2, 
Manifold Configuration 94 

TEST 
NO. 

AIR FLOW RATE 
db/hr) 

ELECTRICAL »"OWER INPUT TO TRANSISTORS (watts) 
TR «1 TR »2 TK »1 TR M TK «' 

1 
2 
3 
4 

45 
80 

124 
80 

20 
20 
20 
tmm 

20 
20 
20 

20 
20 
20 
50 

20 
20 
20 

20 
20 
20 

Te"Per*tur« readings of all the thermocouples at the different test 
conditions are given in Appendix A. 

Figures 113 and 114 show temperature distribution of the cold plate 
at sections indicated by the thermocouple locations.  Also, this mani- 
fold configuration indicated a similar temperature distortion across the 
cold plate as did the experiment with manifold configuration 13. When 
the thermal performances of the two manifold ccnfigurations are com- 
pared, it can be seen that manifold configuration 14 provided smaller 
temperature differentials across the plate.  The plate teBf>erature was 
also lower. 
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figure 113.     Te«p«ratur« Distribution of Air-Cooled Cold Plate No.  2 
(Manifold 14)  at Teat Condition No».   1  thru 3   (TC 16-21) 
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THERMOCOUPLE LOCATIONS 

Figure 114.     Temperature Distribution of Air-Cooled Cold Plate No.  2 
(Manifold 14)  at Test Condition Nos.   1 thru 3   (TC 8-15) 
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Sine« this Mitifold conf iqturttion dMK>n«trat*d bettar thanul per- 
thm NuiMit nvMtera Mr* Omtmrminrnd only for this conf iqur«- 

Tmnt NO. 1. NU • 37. ^ 
T»«t HO. 2, Nu - 50. / 
T»«t MO. i. NU * 59. 1 

»•CAUM of th* M«U«r sp«c« occupied by Mutifold configurAtions 13 
•nd 94. it is liksly that surh nsnifold configurations would ba salactad 
In actual aquipsMnt-cooling cold plataa. 

To iaprove tha tharaal parfonwnca of such cold plataa,  additional 
riaants wera parforaad by inserting gaskets with tapered slots at 

tha cooling-air entrance end of tha cold plate.    Two gaskets, with slot 
siren as shown in Figure 115, were fabricated and inserted between the 
■anifold and cold platai  then,  »he therael tests were parforaad.    I^e 

(•) (b) 

Figure 115. Gasket Slots 

end of the alot waa placed at the closed and of the nsntfold. 
gaakat with the opening shown in Figure 115a did not show any 

iaproveaent in the temperature distribution.  Better results were ob- 
tained with the gasket opening shown in Figure 115b. Only the latter 
results, therefore, are presented.  Because transistor §3 burned out, 
only transistors 11, 12, 14, and 15 war« energised. A constant elec- 
trical power of 100 watts (25 watts each) was dissipated by the four 
translators, and the therms 1 tests were parfoneed at cooling-air flow 
rates of 45 lbs/hr and 80 lbs/hr.  Siailar tests were performed with 
■anifold configurations 13 and 14.  Teaperature readings of the ther- 
■ocouples are preaented in Appendix A. 

Figures US and 117 show teapsratura distribution across the cold 
plat« at tha sections Indicated by the thensocouples.  Although there 
waa laprovaaant in tas^erature distribution for both awnifold config- 
urations whan tha taparad-slot gasket waa installed, alaost coaplete 
teaperature syaaetry was achieved for aanifold configuration §4.  This 
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ri«ur. 116.    T-f-r.tur, Dl.tribution of Mr-CooUd CoW PUt. Ho 
mlnlfold 13 -tth Täpmtmd Slot)  «t T«.t Condition 
No«.   1 and 2 
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riaor. 117      tmmt^tmtMxm Dl.tributlon of Air-Cool«d Cold PUt. No.   2 
9 oZtfold M -1th T«p.r«i Slot)  .t T«t Condition 

1  and 2 
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■-nifold configuration also provided |  loymr pl.t© tm^mftur:     It 
•hould am notmd.  hoMv.r,   th.t   in.t*U.t»on of th. t^.r«d-.lot q««k*t 

IIZZIS*   '"Jl' Pü"Ur' <lrOP-     ™* «^^^ —t  b.  t^.n   into con- •iteration whan th* pnuur« drop Is Halted. 

fi      SS •«P*'4-"1*1^ d«t.r«in«J Hu.Mlt nurtwr.  for «.„ifold con- 
njur.tion,  .1.   M .„d M .r. .ho«, in figur. 118.     Th. r..ult. of thi. 
cold pl.t. .«p.rimnt  .hov th. MM trwd M th.i of cold Pl.t. No.   1. 

• 1 .nd  M di^nl^d M  th.  Reynold. nv«b.r. Mr.   lncr..Md.     Th.  flgur. 
HÜTZÜTJSi diff*r'nt ■^ifoid "^iMi of thi. «id pilt. 

MM   I  l.rger  diff.r.nc..   in th. MUMU  nmtmrm.     T^.  figur, .lK) ahom% 

n.^f ^L^'Tr" •n*1yUc*lly "* •«P.na.nt.lly d.t.n^n«l NuaMlt 
-^.r..     Th. diff.r.nc i. p.rticul.rly  l.rg. .t th.  lo«.r «^.«Id. 
n«b.r>,   indicting th. .ff.ct. of turbul«,c.. 

m    Air-cool^l Cold Pl.t. No.  3 

*. /i9i^! l{91? th* ouUin* of mma—m .ir-cooi«i coid put. 
NO. J.  Th. .ir-flow chMn.1 of thi. cold pl.t. M..ured 3-3/4 *  5/8 
inch... th. hydr.ulic di^et.r, Dh . 4 A/P. w.« 0.0895 ft, «id th. 
«.p^:t r.tio. H . 3.75/0.625, MM 6. Th. cold pl.t. w.. provide with 
fl«ng.. to .How in.t.ll.tion of diff.r.nt ««»ifold configur.tlon.. 

figur. 120 .how th. cold pl.t. with Mnifold confiqur.tion tl. 
Th. figur. .1«, .how, tr.n.i.tor wd th.«ocoupl. loc.tlon.. n». tr.n- 
si.tor. rtyp. 2N1724) wr. .tt.ch«! directly to th. cold pl.t. without 

iZ !nin? IST^L H*?t-«lnk «*■**"* — •wu«! to .11 TnmSSu 
TTJ,    . i?lf ■'    TrÄnil>tor c*«« "^ cold-pl.t. te^er.turei wer. «.- 
.ured .t diff.r.nt coolinq-.ir  flow r.t.. .nd diff.r.nt .l.ctric.l power 
di..ip.tion r.t.. fro« th. tr«».i.tor.. 

T.bl. 25 present. .11  the te.t condition, perfonwd on the cold 
pl.t. with Mnifold configur.tion fl. ^^ 

TMp.r.tur. rMding. of th. ttwrmcoupl.. «t th. diff.r.nt t.*t 
condition, .re given in Appendix A. 

Figure 121  .how. tt^per.tur. di.tributIon of the cold pl.te at  • 
oon.t«,t h..t  lo«d of  75 w.tt.   (25 w.tt. fro« e.ch trM.i.tor)  .nd dif- 
f.r.nt cooling-.lr flow r.t...     Th. teaper.ture » ..arMent. were t.k.n 
«:ro.. the pl.t. p.rp.ndicul.r to the .ir-flow Mi«,     figure  122 «h^wr 
teaper.tur. di.tribution .long th. cold pl.t« p.r.ll.l  to th. cooling- 
.ir  flow .«i..     it en be M.n fro« the  figure. th.t change, of the 
coollng-.ir flow r.t.. pr.ctic.lly did not  .ff.ct t.*>.r.tur. gr.dlent. 
within th. equipMnt Mounting pl.t..     Th. pl.t. t.^>.r.tur.,  however, 
w.. .ignificwitly reduced when  the coollng-.ir  flow r.t.. were  in- 
cre.eed. 

Figure 123 .how. tM|>.r.tur. di.tribution of the equipMnt ■ountlnq 
•nd cover pl.t.. .t  the  t..t  condition,   indicted.     Only h.lf of  the 
cold pl.t.  i. .hown h.r..     Th.  figure slso show, co^.nson  b.tw.en 
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REYNOLDS NUMBERS 

Figur«  118.     Ejtp«rliMntally Determined Nueeeit  Numbers vs Reynolds 
Numbers of Air-Cooled Cold Plate Mo.  2 
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THERMOCOUPLE LOCATIONS 
Pigur« 121. T«^)«rature Di.tributlon of Air-CooUd Cold PUt« No. 3 

(Manifold 11) at Taat Condition Noa. 1 thru 4 

239 



(/I 
X o 
< u o 

i 
s 
4 -^ 
o, m 

35 

3j 
0 V 

§1 
&       -H 

o o il 
M   « 

o -. 
« * I« 
« o 

I 
H  ** 

I 

§       I 
V3aniva3dW3i 

240 



00 vO •» Pi Jt j| 
o § 

a. m 

241 



- •apcrlwntal «nd analytic«! data.  It can ba Men that an eacallent 
aqreaMnt between experiaental and analytical data can be achieved 
proper coaputer input data are provided. 

Table 25. Test Conditions of Air-Cooled Cold Platt- No. 
Manifold Configuration «1 

3, 

r 

TEST 
NO. 

AIR FLOW RATE 
(Ib/hr) 

KLF.CTR1CAI, l'<*(K< .NPUT TO TkANSISTUKS (watta) 
TR •! TR 12 n §3 

1 34 25 25 25 
2 m 25 25 25 
3 68 25 25 25 
4 94 25 21. 25 
S 124 25 25 25 
6 67 20 20 20 
7 67 30 30 30 
8 67 40 40 40 
9 67 — 20 •— 

10 67 — — 30 „_ 
11 67 — 40 __ 
12 67 — so -- 

Figure 124 show« case temperature of the transistors M a function 
of cooling-air flow rate.  Electrical power dissipation trom  the tran- 
sistors was maintained constant throughout the tests, and only the cool- 
ing-air flow rates were changed.  It can be seen that equipment tes^era- 
tures are significantly affected by the air flow rates.  There is, how- 
ever, a limit beyond which only minor benefits could be achieved. 

Figure 125 shows the analytically predicted temperature distri- 
bution of the equipment mounting and cover plates at test condition 
No. 5. The computer analysis was performed at a constant electrical 
power dissipation rate and a constant cooling-air flow rat«, but at 
different thicknesses of the cover plate:  1/32, 1/16, and 1/8 inch.  As 
can be seen, only a minor reduction of the mounting-plate temperature 
could be achieved by increasing the thickness of the cover plate from 
1/32 to 1/8 inch.  The cover plate temperature was more significantly 
affected.  For weight saving purposes, therefore, it is not advisable to 
make the whole plate of the same material thickness. 

Figure 126 shows the analytically predicted temperature distribu- 
tion of the equipment sounting and cover plates at test condition No. 1. 
The computer analysis was performed at a constant electric power dis- 
sipation rate and a constant cooling-air flow rate, but at two different 
applications of the heat-transfer coefficients as shown in the figure. 
The heat-transfer coefficients used in the analysis were determined from 
experimental data discussed previously.  It has been already noted that 
the convection heat-transfer coefficients for the equipawnt sounting and 
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Pigur« 124.    Case Tw|)«r«ture of Tr*n«iBtors VB Cooling Air Flow Rate 
for Air-Cooled Cold Plate No.   3   (Manifold #1) 
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Figur« 125.    Temperature Distribution of Air-Cooled Cold Plate No.  3 
(Hanifold #1)   at Different Thickneaeea of Cover Plate 
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Figure 126. Temperature Dietrlbutlon of Alr-Cooled Cold Plete No 3 
(Menlfold 91)  at Different Heat-Tranafer Coefficient« 
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covvr plataa ar« not th« MMJ and, if accurate thanul parformanc« pre- 
diction is required, different heat-transfer coefficients for the aount- 
inq and cover plates «ust be used. It can be seen that whan the averaqe 
heat-transfer coefficient is used, the predicted aountinq plate tenpera- 
ture will be higher, while the cover plate tes^erature will be lower. 
These are obvious results. 

Figure 127 shows the case teaperature of transistor 12 as a 
tion of the electrical power dissipation rate fro« the U* 
figure is self-explanatory. 

As already indicated, no insulating washers were used in «ountlng 
the transistors» therefore, the case tes^jerdtures of the transistor* 
were lower than they would be under actual conditions. 

The experinentslly determined Nusselt nustoers are as follows: 

Test 11, Mu - 43.2 

Test »2, H\iJ  - 51.7 

Test «3, Nu. - 64.8 

Test M, HMh  - 79.7 

Test t5, NUj • 92.3 

Figure 128 shows the experiaental air-cooled Cold Plat* No. 3 with 
the manifold configuration identified as #2.  In this configuration, • 
24-inch straight section was installed at the cooling-air entrance end 
of the cold plate to reduce the turbulence effects induced by the «ani- 
fold.  The entry length in this case was L • x/Dj, - 2/0.0695  • 22.3 
which, in accordance with Reference 9, is below the required length for 
establishing a fully-developed velocity profile. 

This configuration of the cold plate was tested at a constant heat 
load of 75 watts (25 watts fro« each transistor) and five different 
cooling-air flow rates. The test conditions are presented in Table 26. 

Temperature measuremerts of the thermocouples it the different 
cooling-air flow rates are given in Appendix A. 

Figure 129 shows teaperature distribution of Cold Plate No. 3, 
«anifold configuration 92,  at the five different cooling-air flow rates. 

Nhen the thermal performances of nanifold configurations 11 and 12 
are conpared, it can be seen that the plate teaiperature was noticeably 
higher when the 24-inch straight section was installed.  For exaa«>le, at 
te»t condition No. 1, the teaperature difference between the two con- 
figurations at the central section (TC •!) of the plate reached a value 
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Figur« 129. Twp«ratur« Distribution of Air-cooled Cold Plat« No. 3 
(Manifold 12) at Tut Condition Mo«. 1 thru 5 

249 

— 



Tible 26. ft.mt  Conditions of Air-Cool«d Cold PUte No. 
Manifold Configuration 13 

1. 

Tt T 
NO. 

1 
I 
3 
4 
s 

AIR PUW MTU 
(Ib/hr) 

34 
45 
68 
94 
124 

KLBCTHKAL POWEK U.PLT T^ 

TB II 

25 
25 
25 
35 
25 

TK •, 

25 
25 
35 
35 
25 

TR 13 

25 
25 
35 
35 
35 

of ät ■ 333-197 - 36*r.  Thl« occurred even though th« inlet air tmm- 
pvratur« MI m  fa* dogrMi lower at manifold »2 test condition«. The 
hloner plate teaperature with Mnifold configuration 12 can be explained 
by the reduced turbulence at the plate entrance. 

The experimentally determined Nucaelt numbers are a* follows) 

Ttst 11, Nu, • 31.7 

Tust 12, BUj - 36.3 

Test 13, Nu, • 43.3 

Test 14, Nu^ - 53.3 

Tsst 15, Nu% ■ 59.7 

Figure 130 shows experimental air-cooled Cold Plate No. 3 with the 
manifold configuration identified as •2a. This manifold configuration 
was similar to configuration 12 except that the straight section, in- 
stalled to establish a fully-developed velocity profile, was 48 Inches. 
The entry length in this case was L • 4/0.089% ■ 45, which provided 
sufficient length to establish a fully-developed velocity profile. 

This configuration of the cold plate was tested at a constant heat 
load of 75 watts <25 watts fro« each transistor) and flva different 
cooling-air flow rates. The test conditions are presented in Table 27. 

''"•■^«■■ture measurements of the thermocouples at the different 
oooling-air flow rates are contained in Appendix A. 

Figure 131 shows temperature distribution across Cold Plate No. 3, 
manifold configuration •2a, at the five different cooling-air flow 
rates. Although length of the straight section in this configuration 
was twice the length of  configuration 12, only a slight increase in 
temperature was observed between the two manifold configurations.  This 
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figure 131. Teapsratur« Dlitribution of Air-Cc»l«d Cold Plate No. 3 
(Manifold t2a) at Teat Condition Noa. 1 thru 5 
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T«bl« 27.  T*«t Condition! of Air-CooUd Cold Plate No. 
lUnlfold Configuration §2* 

3. 

TEST 
NO. 

AIR  FLOW  RATE 
(Ib/hr) 

KLtCTKICAL POm«   «PUT TO  TRANSISTORS   (watlhj 
TR   11 TR ia TR   i! 

J4 
m 
6S 
94 

124 

indicatas tfiat tha 24-inch straight »action providad tha entry 
length for establishing a nearly fully-developed velocity profile, at 
laaat as far aa it »as possible for this particular configuration of tha 
cold plat«. 

The experimentally determined Nuaaalt nua^ers are aa followat 

Teat No. 1, HUj - 29.5 

Teat No. 2, Moi - J4.7 

Test No. 3, Nu, - 42.9 

Test No. 4, Nu^ - 50.3 

Taat No. 5, Nu$ - 58.5 

Figure 132 shows experimental air-cooled Cold Plate No. 3 with the 
manifold configuration identified as 13.  In this mounting arrangement 
of the transistors, tha cooling-air flow distribution is not very im- 
portant, particularly if tha mounting plate is of thick and high thermal 
conductance material.  The main reason for tests with thia manifold 
configuration waa to Invaatigata turbulence effects upon the convection 
heat-tranifar coefficients.  Thia type of manifold arrangement ia also 
of intereat because it occupies the least space aa far aa installation 
is concernel.  Similarly as with the previous manifold configuration, 
the cold plate was tasted at two general conditional  (1) a constant 
heat load of 75 watt« (25 watta from each transistor) and five different 
cooling-air fiow ratA and (2) a constant sir-flow rate of 67 lb/hr and 
three different heat loads. 

The test coiditions are presented in Table 28. 

Temperature mtasurements of the thermocouples at all the teat con- 
ditions are given ii Appendix A. 
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TabU 28. 

'.'■ 

Tmmt  Condition« of Mr-Cool»d Cold Plat« No. 3, 
Manifold Configuration 13 

TKST 
v . 

1 
2 
3 
4 
5 
6 
7 
8 

AIH FLOW RATE 
(lb/hr) 

34 
45 
68 
94 

124 
67 
67 
67 

 KLECTKICAL KJWKfr 1NKJT TO TRANSISTORS (wattm 
TR «1 

25 
25 
25 
25 
25 
20 
30 
40 

TP 12 

25 
25 
25 
2S 
25 
20 
30 
40 

TP 13 

25 
25 
25 
25 
25 
20 
30 
40 

figura 133 shows ta^peratura distribution across tha cold Plata at 
a constant «lectrical po-r dissipation rsta of 75 watt. (25 watts fro» 
•^ tr*nBiBto" **< *** diffrant cooling-.ir flow rat.. Tiolr* u< 
show, t«parstUre distribution of tha cold pl.t. .t a constant Loling- 
air flow r.t., but thraa dlffar.nt haat load..  Both figur.s show un- 

SSTSL I!Ü!?S! Äi^25M-" acro" the P1««. indicating non- 
^ !  ^ ^ distribution.  Nith th. transistor «ounting arrangament of 
this cold pl.t.. tha flow and ta^aratur. distributions are notT^or- 
tant; consaquantly, no other manifold .rr.nga«ent was t.st«d. 

th« US!!!  1?5 ^e C"e t*1**'**"** of  tran-istor »2 a. . function of 
th. cooling-air flow r.t. at tha dlff.r.nt «.nifold configurations. 

!ZZL<Lt!La£l di"Är'nc* in transistor t«p.ratur. b.twe.n th. 
manifold #2 and •2a configurations, only on. condition is fhown on tha 

affact upon th. component t.mp.ratura.  This indlcata« that the straight 
.action reduced tha entry -urbulance effects, thus reducing th. heat- 
transfer coefficients.  No noticeable t.mp.r.tur. dlff.r.nc. was ob- 
aarved between manifold 11 and »3 configuration«. 

The experimentally determined Nusselt numbers are aa follow. 

Te«t #1. Nu, - 48.6 

Taat 12, Nu? - 60.8 

T»«t #3, NUj - 70.9 

Test 14, Nu - 83.6 

Teat #5, Nus • 90.4 

tUSn  i?6 "h0%'S ■ co,,»>ari»on of Nu««alt numbers among tha four 
«jnifold configurations of Cold Plate No. 3.  The fiqure clearly show« 
he turbulence effect« upon the Nusselt number«.  Manifold conflqura- 

tlon. •? and •2a with the extended atr.ight .action, .howed the lowest 
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Figure 133. Temperature Distribution of Air-Cooied Cold Plate No. 3 
(Manifold «3) at Teat Condition Nos. 1 thru 5 
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Figure  i34.    Taoperatiue Distribution of Air-Cooled Cold Plate No.   3 
(Manifold  13)  at Test Condition Nos.  6 thru S 
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Figure 136.  Exp«ri»entally Determined Nusselt Nuabers vs Reynold» 
Numbers of Air-Cooled Cold Plate No. 3 
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Nusselt nuabers; however, they did not provide «he fully-developed ve- 
locity profile expected froei the length to diaaeter ratio ( x/D), ). 
The >Mll difference in Nuseelt nvnbers between Manifold configuration« 
•1 and #3 and #2 and •2a diminishes alaost s,o«pletely at a Reynold« 
nuaber of approxiaately 15,000.  A« with the other cold plates, a «ig- 
nificant difference can be obaerved between the analytical and experi- 
mental re«ult«.  The difference it particularly large at the lower 
Reynolds nuaber«.  Both the higher Nusselt nuaber« and the different 
slope« of the curves can be explained by the turbulence induced by the 
cooling-air entry conditions and also by the geoaetry of the flow pas- 
sage.  It is obvious that the turbulence effect« were greater at the 
lower flow rate« and diainishad in significance a« the flow rate is 
increased.  It can be expected that at «ufficiently high Reynold« n»- 
ber« the «xperiaent&l and analytical data will coincide. Thi« can be 
clearly obaerved froa aanifold configuration« 12 and •2a. 

(4) Air-Cooled Cold Plate No. 4 

Figure 137 shew« .•• general outline of expetiaental air-cooled 
Cold Plate No. 4.  The air-flow channel of thi« cold plate was provided 
with a coapact heat exchanger core («trip-fin type) with a fin pitch of 
9 fins per inch and a fin thickness of 0.010 inch.  Based on experience 
that proves that narrow air-flow channels do not cause significant flow 
distribution problea«, particularly when finned surface« are used, the 
cold plate wa« aade and tested with only one aanifold configuration. 
The hydraulic diaaeter and heat-tranafer surface area of the heat- 
exchanger core were computed froa aeasureaents since it was not possible 
to obtain this information froa the available literature. 

Sine« tiae and funding problems prevented fabrication of the cold 
plate by using the ordinary braiing technique for fabrication of heat 
exchangers, the finned surface was attached to the equipment aounting 
plate by the «iapler «pot-welding technique.  Thi« fabrication tech- 
nique, however, did not provide a good thermal interface, and the heat 
tranefer data cannot be considered as valid.  The test data of this cold 
plate is presented only for comparison purposes as far as tesperature 
and flow distribution« are concerned. 

All the thermal teets performed with thi« cold plate are preeented 
in Table 29. 

The temperature reading« obtained from the different te«t condi- 
tions are given in Appendix A. 

Figures 138 and 139 show temperature distribution of Cold Plate 
No. 4 at a constant power dissipation rate of 100 watts (20 watts from 
each transistor) and different cooling-air flow rates,  •n» tes«>erature 
distribution is shown at two «action« aero«« the cold plate indicated by 
the thermocouple location«. When the temperature distribution of thi« 
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Figur« 138.    T««p«ratur« Distribution of Air-Cooied Cold Plat« No.  4 
«t TMt Condition No«.   1 thru 4   (TC 16-21) 
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Figur« 139.     Tmperature DUtrlb-jtlon of Air-CooUd Cold PUte No.  4 
•t T*«t Condition No*.   1  thru 4   (TC 9-23) 
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Tabl« 29. rm»t  Conditions of Alr-Cool«d Cold Plate No. 4 

TEST AIR PLOW  HATE 
(Ib/hr) 

KUUTkU A:   H*fLB   1 Nil T  TO  TRANSISTORS (watts) 
Th   IJ Tk  i2 TB   13 TR  M TH   »<> 

34 20 20 20 20 20 
56 20 20 20 20 20 
94 20 20 20 20 20 

124 20 20 20 20 20 
68 .- -- 20 •• 
H .. -. 35 ._ *~ 
68 " — 50 w ~ 

cold pl«t« is soapAred with th« on«« previously tested and having the 
saae Manifold «rrangeMnt. «OM pacullar differences can be noted.  The 
other cold plates with similar manifold configurations had lower tem- 
peratures opposite the cooling-air entrance side of the cold plate, but, 
a« the figures indicate, this cold plate had lower temperatures at th« 
cooling-air entrance side. Although the temperature difference between 
the tmo «id«« of th« plat« was not significant, it must b« takan into 
consideration when such a cold plate is designed. 

This difference in t«mp«ratur« distribution was probably caused by 
th« different manifold attachment techniqu«. The cooling-air inlet and 
discharge Manifolds of thia cold plate wer« welded directly to the 
equipment mounting plate, and were able, therefore, to take part in the 
heat transfer as an additional extended surface. This condition en- 
hanced heat flow in the direction of the cooler inlet air, thus reducing 
the temperature of the air-inlet side of the cold plate.  It was found 
that not only the length-to-diameter ratio of the manifold, but also the 
slot-to-manifold area ratio affects flow and, thus, t«^>«rature dis- 
tribution. 

Figure 140 shows temperature distribution across the cold plate at 
a constant air flow rate of 68 lba/hr, but at different power dissipa- 
tion rates from transistor 13 (only transistor 13 was energized).  This 
thermal loading provided an almost coapletely syametrical te^erature 
distribution across the cold plate. 

Figure 141 shows the caee tesiperature of transistors il and 12 
versus the cooling-air flow rate.  Power dissipation from the transis- 
tors was maintained constant (100 wetts total, 20 watts from each 
transistor) while the cooling-air flow rate was varied from 34 lbs/hr to 
124 lbs/hr.  It cm be seen from the figure that only a minor reduction 
of transistor temperature can be achieved by increasing the cooling-air 
flow rate above approximately 70 lbs/hr. 
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Figur. 140. Te^^ratur« Di.tribution of Air-Cool«d Cold Plate No. 4 
at Taat Condition No«. 4 thru f 
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Figure 141.    Cat« Tvvparatur« of Transiitor« vs Cooling Air FLow Rate 
for Air-Cooled Cold Plate No.   4 



(5)  Air-Cooled Cold Plate Ho. 5 

Figure 142 shows the outline of experiasntal air-cooled Cold Plate 
No. 5.  The air-flow channel of this cold plate measured 1/4 x 6 inches 
and was provided with a finned core having a surface geo^try identified 
in Reference 27 as plate-fin surface 11.1 (11.l fins per inch).  The 
hydraulic diaaeter. Dj,, of this surface geoaetry was 0.01012 ft» the 
total heat transfer area/voluae between plates, ß - 367 ftVft'; and the 
fin area/total area was 0.756.  The cold plate was provided with flange* 
to allow installation of different nanifold configurations. 

The fabrication of this cold plate was performed in accordance with 
the practice used in the fabiication of heat exchangers (heat exchanger 
core braced to the plates), and the experimentally determined heat- 
transfer coefficients and Nusselt numbers, therefor«, are presented and 
compared with available test data and/or analysis. 

Fipure 143 shows tU cold plate with manifold configuration #1. 
The figure also stows transistor and thermocouple locations.  Two mount- 
ing arrangements were used for «»untlng the power transistors to the 
cold pUte.  One of the transistors was mounted on a flat reinforcement 
strip, while the others were mounted on angle brackets brazed on the 
cold plate. 

Figure 144 shows the transistor mounting arrangement on the bracket 
with Insulating washers, although such washers were not used In these 
tests.  The primary purpose of these testi was to determine the thermal 
performance of the cold plates.  If the heat-sink (cold plate) tempera- 
tures can be accurately predicted» then, the component temperatures can 
be computed, based on known mounting-joint thermal resistances. 

INSULATING WASHERS 
2N1724 POWER TRANSISTOR 

THERMOCOUPLES 

Figure 144.  Mounting of Transistor on Bracket 

Transistor case and cold plate temperatures were measured at dif- 
ferent coollng-alr flow rates and different electrical power dissipation 
rates from the transistor. 
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Tabl« 30 presents all th« test conditions perfonsed on the cold 
plat« with «anifold configuration »1. 

Table 30.  Tast Conditions of Air-Cooled Cold Plate No. 
Manifold Configuration #1 

5. 

•» 

TEST 
NO. 

AIR FLOW RATE 
(Ib/hr) 

KLECTR1CA1. POWt.f< INPUT TO TRANSISTORS (watts) 
TR #1 TR «2 TR #3 TR «4 TR ki 

45 20 20 20 20 20 
80 20 20 20 20 20 
124 20 20 20 20 20 
68 30 30 30 30 30 
68 40 40 40 40 40 

6 68 50 50 50 50 50 
7 68 -- -- 50 

K Temperature readings of the thermocouples at the different test 
conditions are given in Appendix A. 

Figure 145 shows temperature distribution of the cold plate at a 
constant heat load of 100 watts (20 watts from each transistor) and 
different cooling-air flow rates.  Comparison between analysis and 
experimental data is also made at the coolina-air flow rate of 45 lb«/ 
hr.  As can be seen, the predicted temperatures are about 40F higher 
than the actually measured tempeiatures, which can be considered an 
excellent agreement. 

A convection heat-transfer coefficient of h - 8 Btu/hr ft20F was 
used in the computer analysis.  It can be concluded from the figure that 
the actual heat-transfer coefficient was somewhat higher. 

Figure 146 shows transistor case temperatures as a function of 
cooling-air flow rates.  The figure clearly shows effects of mounting 
methods and location of the transistors along the air-flow path.  As can 
be expected, the bracket-mounted transistors had higher temperatures 
than the one mounted directly on the plate.  The difference in tempera- 
ture between transistors «1 and #5 (mounted on the same bracket) was 
caused by the rising temperature of the cooling air. 

It must also be noted that the transistor temperature was reduced 
by approximately 170F when the cooling-air flow rate was increased from 
45 to 124 lbs/hr.  Increasing the cooling-air flow rate over 100 lbs/hr 
would not provide any benefits in component temperature reduction. 

( 
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Figure 145.  Temperature Distribution of Air-Cooled Cold Plate No. 5 
(Manifold »1) at Test Condition Nos. 1 thru 3 
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Figure 146.  Case Temperature of Transistor» vs Cooling Air Flow Rate 
for Air-Cooled Cold Plate No. 5 (Manifold #1) 
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with UM 
w«r« auch lowar. 

R^ardl««. of UM «Mll«r H«MMlt matfwrs   («■ 
other cold plat««)   th« plat« and oomponmnt 
Indicating Uw «ffactivancM of finaad air-flow 

rigura 147 »hOM th« caa« taapa^atura of Uta tranaiatora aa a 
function of tha alactrical powr diMipation rataa fro« tha tranaiiton 
A cooatant coolin^air flo« rata of 68 Iba/hr w«. «aintainad tkievgHout 
th. thr- ta.t coition-.    All  tha tran.utor. -r. ««rglaad Si 
.ppro.i«tjny tha M ai^rtricaX po-r   («^t po-ar adiJt-^t. „r, 
difficult bacauaa tw tranaiatora Mra «naniitad by ona powar eupply). 

It M b. ^.„ that -ith incr^^ p«„r dia.ipatloo.  tha ta^ara- 
tura diffaranca aaon<| tha tranaistort Ma  incraaaad.     Tha rata oftL- 
paratura  incraaaa »aa tha largaat for tran.i.tor IS which wa. locatad at 
thacoolin,-air di^rhar,. and of tha cold PUta.    Tha fi^. claarly 
ahow« tha iqportanc« of nountinq aathoda and tha location of oommanta 
of high powar diaaipation rat...     if brackat ■ojntir.q auat ba uaad for 
Ü      Wr diaaipating covenant., braekata of thickar Mtarial should 

Tha axpariaantally dataralnad Nuaaalt 

Ta»t  Mo.   1,  Nu|   •  S.74 

Tiat  Mo.   2,  Hu,  •  S.73 

taat Mo.   3, iiw| • xi.7j 

»ra aa follow*: 

 ^/J!*4" 148 •**** *m**m*l  air-coolad Cold Plata No. 5 with tha 
«nifold configuration idantifiad at $2.     In thia configuration, a 12- 
inch straight aaction waa installad at Uw woling-air inlat «nd of th« 
cold plata to r«dura tlM turbuUnc« affacta Ltducad by tha aanifold. 

i^ JJ4» ««'^««•tion of tha cold plata w«. taatad at a constant haat 
£SiJ.  ^ S? (20 *""• fr0" MCh tl'*n-i«-r> and thr.a diffarant 
cooling air flow rataa. Tha taat condition« ara praaantad In Tabla 31. 

Tabl« 31.  Test Condition» of Celd Plata No. 5, 
Manifold Configuration §2 

TTST 
NO. 

AIM rtOH RATK 
(Ib/hr) 

4S 
•0 
124 

F-UCTEKAt. um*   tNHT Tt) 7KANS1 STCJtLS (watts 
TB TH  tl 

20 
20 
20 

TP #2 

20 
20 
20 

■ 3 

20 
20 
20 

TP 14 

20 
20 
20 

TP ••> 

20 
20 
20 
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: 180 
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160 
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120 

U 
NOTES:    lj    TEST CONDITIONS N. 5 I 6 

2)    MANIFOLD CONFIGURATION #1 

30 40 50 

ELECTRICAL POWER DISSIPATION FROH EACH TRANSISTOR, MATTS 

Fiqur« 147.    CAM Tmp^ratur« of Tranaistors v» Electric«! Po*mx 
Olsslpatfon Rat«« for Alr-Coolod Cold Plate No.  5 
(Manifold   11) 
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TMpsrstur« rMdinqa of thm thmrmoro^lmm  at th« dlffarant tm»t 
conditiona ara qivan in Appendix A. 

Plgura U9 ahowg taaparatur« dlatrlbution of Cold Plata Mo. 5 with 
•anifold configuration »2.    Excapt for a faw dagraa« hiqhar taaparatura, 
tanparatura distribution of tha cold plata ia practically the aaaa a« 
with aanifold configuration 11. 

Tha axpariaantally datanunad Nuaaalt ra ara aa follow«: 

Taat «1, Nu. a S.86 

Taat 12. Nu} - 7.93 

•J, Nu, • 10.41 

' 

Figura 150 shows axpariaantal air-coolad Cold Plata No. 5 with tha 
■anifold configuration idantlfiad aa §3.  In this Mnifold configura- 
tion, tha cooling air antarad at ona sida of tha cold plata and laft at 
tha othar alda. Tha taat conditiona ara liatad in Tabla 32. 

Table 32.  Taat Conditiona of Air-Coolad Cold Plata No. S. 
Manifold Configuration f3 

TRST 
NO. 

AIR n/nm  RATE 
(lb/hr) 

ELECTKICAL POWER INPUT TO TRANSISTORS (watts) 
TR il TR 12 TR n TB M TR #5 

1 45 20 20 20 20 20 
2 80 20 20 20 20 20 
3 124 20 20 20 20 20 
4 n -- -- 50 -- ~ 

Taaparature readings of tha theraocouples at tha different taat 
conditiona ara given in Appendix A. 

Figure 151 showa taaparatura diatribution across the cold plate at 
tha three different cooling-air flow ratea.  It can be seen that a power 
dissipation of 20 watta par each transistor did not cause any signifi- 
cant taaparatura gradients within the plata.  The teaperature distri- 
bution across tha plata was also quite ayasatricali only a very aaall 
teaperatura difference between the two sidaa of tha plate could be ob- 
served.  The figure also shows that plata tasiparature dacraaaa (with 
incraaaad flow ratea) practically stopped at a flow rate of w - 124 
lbs/hr. 

Figure 152 show« tesiperatura diatribution acroas tha cold plata at 
a cooling-air flow rate of <r - 68 lba/hr and an electrical power dis- 
sipation of 50 watta fro« tranaiator 13 (only transistor 13 waa ener- 
gised).  Because of the highly concentrated heat load, tha teaperature 
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fiqwrm  149.  T««p.ratur« Dl.trlbutlon of Alr-Coolod Coid PUt. No. i 
(Manifold «2) at Test Condition No«. 1 thru 3 
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Figure 151.    T««p«r«tttr« Dl.tribution of Alr-Cooled Cold PUte No.   5 
(Manifold #3)  at T««t Condition Ho*.   1 thru 3 
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Fiqurm 152.    Teapsratur« Distribution of Air-Cooled Cold Plat« No.  5 
(»Unifold  13)   at Teat Condition No.  4 
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Ucln thMt 0t th* ^^ Plmtma wUhout  th*  '1""*^ ■^- 

thm «xpcriaenuny «toterairMd HutMlt nuMwr« «r« M follotn: 

TB»t  Ho.   1,   l*ui   .  6.8 

Tmmt  No.   2,   Muj  -  9.43 

tmrnt  Ho.   3,   Mu,  -   10.03 

figure 153 shows ttw «xpAriMnt«!  «lr-cocl«d Coid PUte Mo.   5 with 
th« •wifol-J configurstlon  ld«ntlfi«J as  M.     T^sts with this «wifoH 

TTalilZVl^iT/9 V*"0"»6 "»» to' co^riwn purpo ithough no 
significant diff.r.ncs in th« thermal pmrformtucm wsrs sip^t«!. 

Tabla  33 prssants tsst conditions pmrtonmd with thi« Mnifold 
configuration. 

33.     T«st Conditions of Alr-coolsd Cold Plat« No.   5, 
Manifold Configuration  #4 

TEST ■   . MR   FLOW  RATE 
(Ib/hr) 

KUXTRKAL  POMU INDUT TO TMMiinOH (watts) 
TR  II TR   »2 TR   I ) TR  14 TR   iS 

1 
2 
3 
4 

45 
Ho 

124 
68 

20 
20 
20 

20 
20 
20 

20 
20 
20 
50 

20 
20 
20 

20 
20 
20 

ratur« readings of ths theraocouples at the different test 
conditions are given In Appendix A. 

Figure  154 shows tenperature distribution across t-he cold plate at 
a constant heat  load of 100 watts   (20 watts  fro. each transistor)  and 
different coollng-alr  flow rates.     As can be seen  frosi the figure. 
te^?crature distribution across the cold plate was alaost conletely 
sy^etrlcal  Indicating a unlfor» flow distribution. 

The experlaentally determined Nuaselt  mofeers are as follows: 

Test Ho.   1,   Nu.   - 6.79 

Test No.   2,   Hu2   -  9.31 

Test  Ho.   3,   Nu.  -   12.21 
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Figur« 154.    Teaperatur« Distribution of Air-Cooled Cold »lat« No.  5 
(M*nifold  14}  at Tm»t Condition No«.   I  thru 3 
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Figure 155 sho^s experimentally deterained Nusselt ninbers as a 
function of Reynolds nuabers for air-cooled Cold Plate No. 5.  The 
figure shows comparison of the Nusselt nuabers ajnong the different 
■anifold configurations.  Results obtained fro« manifold configuration 
•3 are not presented because the values obtained fall between those for 
manifold configurations #2 and M.  As can be concluded from the figure, 
th« different manifold configurations and arrangements did not have 
■ignificant effects upon thermal performance of this cold plate. 

The experimental!/ determined Nusselt numbers were also compared 
with the values obtained from Kays and London in "Compact Heat Exchang- 
•rs" (Ref 27). Nusselt numbers computed from the reference aleost 
completely coincide with the Nusselt numbers obtained for manifold 
configuration #1.  The Sieder and Täte expression for computing Nusselt 
numbers under laminar flow conditions gave lower values than experi- 
mentally determined, and a completely different slope of the graph. 

(6)  Air-Cooled Cold Plate No. 6 

Figure 156 shows the outline of experimental ai'-cooled Cold Plate 
No. 6.  The air-flow channel of this cold plate measured 1/2 x 6-1/4 
inches nnd was provided with a compact heat-exchanger core, having a 
pitch of 14 fins per inch and a fin thickness of 0.006 inch.  because it 
was not possible to obtain data about the hydraulic diameter and heat 
transfer surface area of thit  heat exchanger core, these values were 
computed from measurements as follows: 

Area 
I . r i nu t. ■ i 0.0094J ft 

The total heat-transfer surface area was computed to be: 

A " Afin • Vl ' 3-990 t»* 

The free flow area was computed to be: 

A  - 0.0179 ft2 

Time and funding problems prevented application of the more expen- 
sive ordinary heat exchanger fabrication techniques.  A spot-welding 
technique was used for attaching the heat-exchanger core to one side of 
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Pl.t..   twpratur. •••.urwnt.  indicts that  «  lo^r  ü,t.rf.c. th^l 

oppo.u. iws •Kp.ct.d).     Th« h*«t  trunmtmr co«fficient«.   therefor* 
ennot b, con.id.r«! .. v.lid «»d will  «,t b. pr.-nt*.    ^t—r- 
«tur# «.«ur-wnt. and tw^ratur« dirtribotion qr«ph. will b. «linlv 

Mnlfold configuration upon th. t«ticul*r  flow p.,M^ ««».try 

-nifülr'üJ?7 '^  '!»    j.     '   '   •"-«»l«J Cold PUf No    6 with  the 

^TJ^l^? W" ^ f0r •tt*cWn9 th. h..t-.«ch«g.r cor. to tl. 
•qulpwnt  .ountlnq  .urfw..     n«  tr«i.l.tor.   (typ. 2M1724)   «„- -tTJhL 

^^/^Vln^"' rlthOUt in"Uti'* ^"-   ^""nl ^i- 
^.r^r ?"  '"n,1,tnr «»«nti^ Joint.,     iwu* of  li.it.d 
t«p.r.tur. ■.Muring In.tru^ntt.   th. ct. tMp.r.tur. of «11  th. 
trwMl.tor. was not Matura. -^•^«ure or an  th. 

Th. theraal tests parforwd with thi« «anifold confi.uration **m pr.s.ntMl in Tabl«  34. con»duration ar. 

Tabl. M, TMt  Oowlltlcms of Alr-OoolMl Q>ld Plat. Mo    t 
Manifold configuration 11 

•* 

1 
2 
1 
4 

Al»  PUM RATE 
(Ib/hr) 

4% 
00 

124 
H 

EUCm   AI.  HW.K   1N>>UT TY) TMN.SlST.jkS   (watta) 
Tit n 

18 
18 
18 

Th n 

22 
22 
22 

TH   M 

20 
20 
20 
SO 

Th   14 

20 
20 
20 

T*  §5 

20 
20 
20 

■ratur. r.adlngs of th. th.rsDcoVi.s at th. dlff.r.nt t..t 
conditions ar. glv.n In Appmdl« A. «»"«.nt t.st 

p-rp.^uJio'sr^r^;^ ^r'1^^ •<"—«- -* put. ^H«n<iicuiar to th. flow str.aa.     Plgur.s IJ • and 160 show rmm,«, ,i 

for^d at diff.r.nt coollnq-air  flow rat.s.  bMt  constant sl^l^I 
powwr dissipation rat., fro« th. tran.l.tors.    Only STtaüZtaM 
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Figur« IM.    Taaperatur« Distribution of Aix-€ool«d Cold PUt« No. 6 
(Nanifoid ti)  «t Tost Condition Nos.   I  thru 3   (TC 13-17) 
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Figore 159.     Taaperature Distribution of Air-Cool«d Cold Plate No.  6 
(Manifold 11)  at T«tt Condition Nos.   1 thru 3   (TC  11-19) 
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Figure 160.    Teaper.ture Distribution of Cold Plat« No.  *>  (»Unifold «1) 
«t Test Condition NOB.   1  thru 3   (TC 7-17) 
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■ounted on thm ukörn  «hown wer« mnmrqitmd.    As CAT b* •«pvctcd. the 
Urqeat taapcrttor« dittmrmncm»  of th« oold pUt« occurred along the 
coollng-alr flow atreaa.  Tha figurea are self-explanatory and clearly 
■low the trend in teaperature distribution wnen air la uaed aa a cooling 
■ediua. 

Figure Ul shows the case te^erature of transistor Nos. | and 3 
versus the cooling-air flew rate.  Similarly as with the other cold 
plates provided with coapact heat-exchanger cores, there was no signifi- 
cant reduction in roaponent teaperature within the flow-rate range in 
which the tests were perforaed. The gain in teaperature reduction was 
negligible above a cooling-air flow rate of approxiaately 80 lbs/hr. 

Thermal tests ware also perforaed with a 24-inch section installed 
at the cooling-air entrance end of the eold plate.  Siailarly as with 
the other cold plates, a teaperature increase of wily a few degrees 
could be observed. Test results with this aanlfold configuration, 
therefore, are not presented. 

Tttm  conclusions drawn froa the experiaents perforaed with the other 
cold plates indicate that aanifold configuration 14 provided the best 
cooling-air flow distribution.  Only this aanifold configuration, there- 
fore, was selected for further theraal testa of Cold Plate No. 6. 

Figure 162 shows Cold Plate No. 6 with nanifold configuration 14. 
In this aanifold configuration, the cooling air was adaitted and dis- 
charged at the saae side of the cold plate. Transistor and theraocouple 
location« «re indicated in the figure, and are actually the saae as 
Nhown in Figure 157. 

T«bl« n  presents «11 the teut conditions perforaed with this 
aanifold configuration. 

Table 35.  Te«t Conditions of Air-Cooled Cold Pl«t« Mo. 
Manifold Configuration 14 

6. 

TEST 
MO. 

AID FLOW RATE 
(Ib/hr) 

ELECTRICAL PdWER INPUT TO TRANSISTORS (wattal 
TB •! TR »2 TR 13 TR «4 TH »5 

1 
2 
3 
4 

45 
M 

124 
80 

22 
22 
22 

20 
20 
20 

20 
20 
20 
50 

20 
20 
20 

20 
20 
20 

rature readings of the theraocouples at the different test 
tions are given in Appendix A. 
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COOLING AIR FLOW RATE. LB/HR 

Figur« 161. C«.. T«peMtur« of Tr«n.i.tor. v. Cooling Air Flow Rate 
for Cold Plate No. 6 (Manifold 11) 
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Figure 162.    Air-Cooled Cold Plate No.  6 with Manifold Configuration «4 
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Pigur«  163 .how«  te^wratur« distribution aero»  the central  —^ 

t^, .cjn; ST.S 'w     '  qUit! * '^^^^ t^9t^r, dl.tribu- 

IM show. t«par.tur« distribution across the cold plate at 
t^J??      ^        entrance •nd'  whi^ Figure 165 show, t-peratura dil- 

cat^ni0"^ "L^ r11"9-*^  flOW Str— " tte ther^co^U  lo- cation»  Indicated.    Pro« Figure 164,   it can be concluded that the cool- 
ing-air flow distribution was quite  unifor». ^0l 

u-H  Br^U8e 0f.the  l,,lprof*r  «"tended  surface attach^nt  techniqu«. 
aa^l d .^t^f^1' detemined Nu"elt —«» -not be ^Idered «s vaxia and,  therefore,  are not presented. 

3.       Ther»al Perfor»ance Collarison of Air-Cooled Cold Plate* 

■ent.^ü! 0f ^ 7*7 P0""»1« configuration, and «rnlfold arrange- 
TS^      STaÜT^1- COld Plate8'   ^  iB of ^ter^.t and  uoportance to 
the  ther-al  designer  to acquire Knowledge about  the differe^I^e« 

^n uL^""^ ^  flOW ^"^o" of elcctroniAu^t 
^Jh STITM        ™'1 P*^0"""" characteristics of all  the colS pUte. 
^ pI^Lrr:» Tif0;d ?***?****•   before,   •" co^pareS and 
^'yUU: ;ffectl^ heat transfer and flow distribution are dis- 
liltZtl  »SS tW0.general  tyP" 0f «>ld plate, were tested   (with and 
without  finned surfaces),  each of  the two type, i, discussed      roJ 

KSIT ^ 0n ^ ^^ tran'fer -«*• coolinqU.':ir  fi^is- 

First,  coaparisoit is 
surface*. «ade aaonq  the cold plates without  extended 

coeffl^s 1t;^8
f!^

riBentaily dete™l!led convection heat-transfer 
£Ite \o!    ?'   V    *\ '  " *  function of  R«ynoldS numbers of Cold 
K    K    ?i     '       ?!  3-     ^ Can "•  8e<,p  ** »M Plate No.   1  had  the 
highest  h^t-transf.r coefficient,   and Cold Plate No.   2 had  thcllwest 
M of  the cold plates had equipment rounting surfaces or.xactlTthe 

rthe  "dth oJ ri1" S^ST '"-*—     ^e only d.f"r^ce CL 
confix t^nS    S C^  in^*lr  flow ch*nnel.     Results of  the comparison 
confirm the phenomena discussed  in  Section V:     high Reynolds  number,  do 
not  necessarily provide  high heat-transfer coefficients;   the  hX!"ic 

the^heat-transfer coefficient,  increased with  increased  ReynoldHln- 

Com|.ari8on with Cold Plate No.   3  is difficult becau«» of  ^h    ^^ 
ferent  tionsistor mounting arrangement. "1CUlt  beCau8e of  the dif- 

The test results that are presented were obtained with manifold 
configuration  11. waiiiioxa 

^95 
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THERMOCOUPLE LOCATIONS 

Figure 163.     Temperature Distribution of Air-Cooled Cold Plate No.  6 
(Manifold #4)  at Test Condition Nos.  1 thru 3   (TC  13-17) 

296 



■ 

i 

■-■ 

THERMOCOUPLE  LOCATIONS 

Figur«  164.     Temperature Di.tribution of Air-Cooled Cold Plate No.fa 
(Manifold  #4)   at Teat Condition Nos.   1  thru  3   (TC 6-11) 
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THFRHOCOUPIE  LOCATIONS 

Figur, 165.     Temperature Distribution of Cold PUte No.   b   (Manifold  «4) 
•t Test Condition NOB.   1 thru 3   (TC 7-17) 
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Figure 167 shows experimentally determined Nusselt numbers as a 
function of Reynolds numbers.  While Cold Plate No. 1 showed the highest 
heat-transfer coefficients, it had the lowest Nusselt numbers.  The 
figure indicates that judgement about thermal performance cannot be 
based only upon the Ntisselt numbers. 

Figure 168 shows convection resistance, "c/watt, versus cooling-air 
flow rate, Ib/hr.  The convection resistance is based on the mean maxi- 
mum mounting plate temperature, lpl(nax).     Cold Plate No. 1 provided the 
lowest convection thermal resistance based on an equal cooling-air flow 
rate, therefore, the lowest equipment-mounting surface teB|>erature. 

Regardless of the fact that Cold Plate No. 3 had higher convection 
heat-tranefer coefficients than Cold Plate No. 2, it had the highest 
convection thermal resistance.  This condition can probably be explaii.ed 
by both the larger hydraulic diameter and the component mounting ar- 
rangement . 

When thermal performance of similar cold plates with different 
manifold configurations is compared, it can be seen from the test re- 
sults that the lowest heat-transfer coefficients were obtained with 
manifold configuration #2, and the highest with manifold configurations 
•3 and «4.  These differences cm be explained by the smaller or larger 
turbulence effects induced to the cooling-air strear entering the cold 
plate.  It should also be noted that the largest dift-rences between the 
different manifolJ configurations occurred with the cold plates having 
the largest hydraulic diameter«. 

Heat-transfer coefficients predicted by using standard textbook 
equations were lower than those determined from test results for all the 
cold plates tested. 

Another item of interest is the cocling-air flow distribution 
within the air-flow channel.  Nonuniform flow distribution caused by 
manifold configurations and arrangements will also cause distorted 
temperatures across the component mounting surface.  Such conditions are 
not desirable and can cause problems in component jounting and system 
performance.  The test results indicate that quite a significant flow, 
thus also temperature distortions, can occur under certain manifold 
configurations when means are not provided for improving th- cooling-air 
flow distribution.  Magnitudes of the temperature distortions can be 
obtained from the data presented in the text. 

I« can be concluded from the test results that ma.iifold configura- 
tions «3 and «4 caused the largest temperature distortions for the flow 
channels of smaller aspect ratios (largest hydraulic diameters).  When 
the two manifold configurations are compared, it can be seen that mani- 
fold configuration «4 provided more uniform flow and temperature dis- 
tribution than manifold configuration §&  Although from the v-.^t trans- 
fer and space utiliEation standpoint It is of advantage to select the 
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■*M fold con figuration.,  vfmurm drop «nd flow distribution 
problMs w.t bm t«Jcn  into c^.ld.ratlon «ten cold pUt«. .r* d«.!«^. 
PT.«ur. drop    . rtpiffiMtlf  incr..^ «♦«„ taprl .lot. .r. u^d^; 
i«provlnq coollnq-.lr  flow di.tnbutlon. 

finn.r
,!^Lirr,0r,M!,C!L00^ri,0n •^^ th* «^ PUt- Provide with 

^fj^ ^ l*™01 5 5? ^'^ of th# <»»"•'•"' «nufcturin, 
t^chn qu.. u^d for .tt«hlnq th. h^t-^ctw^r cor., to th. ^uli«.„t 
mmim -urf^..      l^ort^t «.«clu.lon..  ho-^r.  c« b. draD™ 
^Jt f        i CO fuf1*1*" '^ -nifold ^»nnqur.tlon. .. f.r M flow .nd 

»«■P.r.tur. di.tribution. urn concm^l.    Hhil.  flow di.trlbution of 

Ttai/JZ: '"T*   tinnm*  ,,UJrf•C•■ -"  '^tic^ntly .ff.c^ ^ «n. 
ir^^T    Tri0n!  ,, "^  M'   th#  flo,' ^«^bution of  cx,ld plit.. 
provided wi-.h finned .urfac. w. „ot.   .Uhough  rh. coolinq-.ir  fl" 
ch.nn. . «CM, of th. cold pl.f. wr. .lail.r.     It c« L cncuLd 

^tr^t!J      ^;    ^ ^ C,W,n#1  COnt^but- to th. nonunifon. fJT ai.trlbutlon.     Thi. conclu.ion 1. «upport«! by ca«>.rina th. t«».r.r..r.. 
di.tributlo. of th. finn^ cold pl.^    0017^^^%^!^^ 

^t! •W\"tl0:  '**** thm Ur*mt tWtur. dl.tortion      Th!. 
^^^;nc™,T ^^JÜ ^ ,trip-fln »-t-^ch^r cor. which 
IiUTL!^    ^! ^«"w of th. unint.rrupt«! fin. of Cold 

oJ^r«.^.'^.80 Cr0*' ^ ** ^^ '^ th- fl- *-^ 
■MM'SUTS i'i.tL!^10"* th*t e0ld P1*1*1 P^i^ -ith  flnn«l .u,- 
cZTtP^? S? ^,h!r COOiin9 •"•"^"—•   t»- th.™.l  p.rform.nc. of 

,#    JUT'  U*."how» •■ ««P^iiwn   OMMM Cold Pl.t. No..   1  .nd  5) 

c .nt. «m «.ynoid. nu*.r..     Th. figur. cl..rly .how. th. .UnlficL 
diff.r.nc in th. hMt-trw.f.r oo.ffici.nt.. ■*V«»"c«it 

cx^ii^! J,70 mbmn th* c<m^ei»on ot conation r..i.t«o.. .nd 
cooling-.ir flow r.t. won, th. four «Id pl.t...     A .igniflcnt  r^luc- 
STJi.'SS!? **"-"•*•*•* r..i.t^c c« b. «hi.v^ by .«.ndinq 
th. h..t tr^.f.r .urf.c. .r.« by th. wlic.tion of fin.. -™ain<' 

figur. 171  .how. th. co^MuriMn Mong th. thr.. cold pl.t.. of 
Tr.n.i.tor •) CM tMv.r.tur. ^d th. cooling-.ir flow r.t..     Th. lo- 
c.tion onti* cold pl.t. «id th. «ounting of Tr«,.i.tor  M w.. th. MM 
for .11  th. cold pl.t...     l*.  figur, cU.rly .how. th. «lvMt.g. in 
i^T^^y  r^Uction of ««Po^nt. wh.n «t.nd*! .urf.c.. «. u^d,     rt 
•hould b. not«! th.t Cold nt* No..   I .nd 2 .«p.ri.nc^ Mr. .^fl- 

Pl.t. No.   S.    cold pl.t.. without  finMd .urfac .jcp.ri.nc«]  Urovr 
[■«! ;■■***■»■  thM cold put., with finn^rf.cTii\rn  th. 
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rigur«  169.     EiqwriMntally Deter«!ned Convection Heet-Trenefer 
toefflclente vs  Reynolds  Hvuibere   (Conperleon Between 
Cold Plate Noa.   1  thru 5) 
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Figur« 171.    caw Ta.per.turo of Transistor  13 v. Cooling Air Flow Rat« 
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m m a« - 

4. Stmplm Calculation» of Air-Cooled Cold Plat«« 

Si.plified «nual  calculationa  for predicting temperature of the 

VnlorJilT** •^f?C•••    SUCh "lc"^ion. will bo a^ay. r^r^du- 
ot^cVofT^t       ^ ^  the COOlinq ^Uit-nt-     Only ol c^d pUte or each of th« two types will be »elected. 

(1) Cold Plate» Without Pinned Surface» 

i.tlci'a^na Hl^l  "  572 S ^^ ther,Ml P"'°"-nce character- 

L PTfor^nc. pr«Uctlo„. .m „. b.,^, „„ „^ .».clflc t!« 

^»oiant  now rate and inlet  te^jerature are known, 

inn JiJfXST*  in **■ '""P1* c«icul«tion ti>at a waste heat load of 

JSociJlZ SÜ ^y S ■p^ifi*d in lb/hr'or • '"*"" -— ^i 
^.t trinX    ^       9    •"•    Hi9h coolin9-«ir  flow velocitle. enhance 
iTalr  M '.   ^ ""^ •co'J*tlc«1 "oi" «nd pre».ure drop problem 

•^ÄÄlyST ^ ■"'  flOW "^^  ^ — ^-^"ture «y be 

AU ■ 0.01085   (54000)   - 586  ft'/hr 

Hn"K flow rate of the cooling-air baaed on a MÜ teeperature of 

w - Vp -  :S86   (0.0734)   - 43  lb/hr 

:.r::edlr: s: 2 i: z.Tr ucted b— -> - -^ — 
-pr^Io^"-1' OUtUt  te"per*t-e c- *>• detenaned  fro« the  following 
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0 - wc      / t -   r     ^ 
p   V   out in } 

and 

''out       "in      wc 7S       45(0.24) 
P 

W  ■   106•5-,' 

Tne mean air  temperature  ii 

rfl  -  
75  V06-5  -  ,0.75T 

tfl   -  91,F 

Ttie recalculated volume   flow rate of  the  air  is 

V-?-072"625ftI/hr 

The flow velocity is 

ü " * " Ollis " 57'600 ft/hr 
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- U -  57600/3600 -   16  ft/uec 

Thin flow velocity will not CUB« *ny «coimical noiw probl«.. 

The  Reynolds  number   1B 

H. 
DhUp 

.«ml 

« 

0.04 (57600) (0.072) 
0.0455 •• i 

The cooling-air flow rtqime  can be considered *m  turbulent. 

To determine the temperature of the equipment mountinq surface, ►he 
convection heat-tran.f.r coefficient mm  be known.  Based on concl^- 
s ons obtained from the experimental -ork. this is not an easy task 

o 't'h: SLIUJ-yi CO*ffici»nt ^ ■?• mmtmm  alonq the periphery 
of the cold plate, and second, the standard textbook equations do not 
Prov de realistic values.  To show effects of convection he.t-tr^r 
coefficients upon predicted cold-plate tes^rature. the sample calcula- 

t^i;!f!r^!Jl?Td ^ ÜBinq  fir,t * P^1«^' ^en. an actual heat- 
transfer coefficient.  Since the Reynolds number indicates turbulent 
flow, the heat-transfer coefficient is determined from the equation 
recommsnded by Mc-Acams. 

Nu - 0.023 (R•)0•• (Pr)9-*  • 0.023 (3645)••• {0.7)0-* 

.ii,.l 

Nu - 14 

Nu 
^ Nu 0.04 " 5-4 Btu/hr ft' »P 
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This value will be used for both the equipMent nountinq and cover sur- 
faces of the cold plate.  As the cold plate consists of surfaces havinq 
different material thicknesses, these surfaces will also have different 
effectiveness factors.  The total heat transfer fro« the cold plate, 
therefore, aust be divided into two parts:  (1) heat transferred fro« 
the base or equipment mountinq surface and (2) heat transferred from the 
cover plate. 

Q - Qb ♦ Qc 

roaches can be used in predicting heat transfer from the 
or equipment mountinq plate:  (1) it can be assumed that % - 1 
the mean temperature of the mountinq plate can be used in the heat- 

transfer calculations. 

«b-Vb (s "fl 

t. ■ the mean temperature af the mountinq plate, 'F 

•fl the mean temperature of the coolinq air, "r. 

(2) When % ^ 1, then 

«b-Wb Kcax) -'«) 

tbtmax) " th* "**" RaxiB,UB, temperature of the suuntinq plate, 'r. 

The heat transferred from the cover plate, applyinq the definition of 
fin effectiveness, is 

H A h r 
c c c \ fl 

Assumption is made here that the edqe of the cover plate has a tem- 
perature equal to ff  A ■»•11 error will be introduced by this assump- 
tion which can be neglected.  It should be further pointed out that the 
predicted temperature of the equipment mounting plate will be higher and 
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^UMd.  Th . condition h.. b««n di.cu.««! under test conditions.  The 
•«pie calculation., therefore, are baaed on the aa.u«ptlon that Hb - i. 

th. J^^"! th*VV hc " N)' *• •"• mim  the heat dissipated fro« tUm  cold plate as follows: 

Q - A. h     ( t.   -  t,,^    ♦ n    A    h     ^t.   - t., \ boVb        flf cco\b        fl; 

or 

0"ho K* Vc) (s-V) 

Introdocing the weighted overall surface effectiveness yields 

n A - A. ♦ 11  A 
O     1)    c  c 

^     Ac 

A • ^ * Ac' ^ ■ A ■ Ac 

Substituting and rearranging yields 

\'l'r {l-\) 
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Kroa previous devmlopmrnut» 

tanh iml) 

where 

-vhy* K^ VM(0.0026) ' 

L • 0.25 ♦ 3,125 ■ 3.375 In. - 0.281 ft 

■L - 4.8 '0.281) - 1.35 

tenh  (1.35)  0.874  . t^M 

\ * —T735 irir -0-647 

n - 0.647 
c 

Substituting values, we can determine that 

J40 
^ ' 91 * (0.82 - 91 ♦ 142 - 233»^ 

When chia value is coapared with the actual test results wh««» tb was 
approKiaately 170or# it is obvious that the co«puted heat-tranafer co- 
efficient is too low. 
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N«xt, teaperature prediction of the cold plate Is based on a heat- 
transfer coefficient obtained fro« experimental data shown in Figure 95. 
for a Reynolds number of Re - 3645 and manifold configuration il, the 
Musselt number of Nu - 24.5 was obtained fro« the figure. 

h - Mu^-- 24.5 O-01" 
^ Dh   ^^  0.04 

h - 9.5 Ptu/hr ft' «K 

-J 9.5 
'iO (0.0026) 

- 6. 37 

«L - 6.37  (0.2B1) - 1.79 

tanh (1.79)   0.946  n  .,„ nc iTTi • TTT 
m 0-"8 

n_ - i -r('-'v) 

no " 1 - ||~  (1 - 0.528) - 0.755 

S - ^1 * fi A h 
o  o 

91 ♦ 340 
(0.755)(0.542)(9.5) - 178°^ 

This temperature is much closer to the actual test data of 170oF.  By 
using a mean heat-transfer coefficient, the predicted mounting plate 
temperature is always higher, and in this case it is the maximum tem- 
perature of the cold plate as measured at the location of transistor #3. 
If the concentrated heat loads are not significantly high, the outlined 
thermal performance prediction technique can be considered a^ suffi- 
cient.  For heat loads causing large temperature gradients within the 
mounting plate, effectiveness of the base plate must also be included 
into the weighted overall surface effectiveness as follows: 

313 



- 

n A o n. A. ♦ n A 
D  X     C  C 

and 

b A    c A  b 

Using the overall effectiveness of the cold plate, we can obtain 
the mean maximum temperature of the mounting plate from the following 
expression: 

rioA 
b(max) •n) 

-.'• 
and 

'b(max) "fl n Ah 
o o 

Deteraination of the mounting plates effectiveness depends upon the dis- 
tribution and magnitude of the heat loading, among other factors.  Under 
conditions of By;:onetrical component mounting with an equal heat dis- 
sipation rate from the components, the mounting surface can be divided 
into approximately equal sections and the fin effectiveness of these 
sections determined. 

(2)  Cold Plates with Finned Surfaces 

Since the fabrication of Cold Plate No. 5 was performed in ac- 
cordance with the general practice used in the fabrication of neat 
exchangers, this cold plate was selected for the sample calculations. 
For comparison purposes, the same test conditions were elected as in 
the previous sample calculation:  a waste heat load of 100 watts (340 
Btu/hr) with a cooling-air flow rate of w - 45 Ib/hr.  A cooling-air 
inlet temperature of 70oF was selected because this temperature is close 
to the actual air temperature at Test Condition #1. 

3i4 

I Zl 



Ttm coolin9-«ir outUt tM^wratur*  n 

«t .n      w c    " ^ * «(0.24) • ioi.5»r 

ttm mmux mir taaparatur* it 

n 2 

i«*d on this t«*wr«tur«.  th« air volvaw flow rat«,  valocity, and Itoy- 
>ld8 niatMr can be coai ut»d as follomr 

v " S " Ö?57T " 616-4 ftVhr 

A       0.0075 

U - 821SS/160O •  22.S  ft/sac 

DhÜP 

Dh  -   0.0101   ft 

0.0101   (82185)   (0.071) 
0.045 I 144 

Tha Reynolds nuabcr indicetaa a laainar flow rmgimm. and prediction of 
the Muaaalt n«ber nuat be baaed on this flow regiaa. Sieder and Tata 
have proposed the following correlationi 
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Ih - h ^ .   i.86  ( M   .   Pr   .  ^  ) 

SubstUutinf valiMs, m obtain 

Nu -   1.86     [(U46)(0.7)       ~m\    '   '  -  4.9t  - S 

h"Mu r •5 Olli -7-6 Bt^' '^ -r 
n 

The actual Nuaaalt nuaber, as datcnuned fro« the expariMfttal data with 
■anifold configuration #1, was 

Nu ■ S.8 

5-8 Olff ' 8-8 Bt^ '»' •» 

Prediction of the cold plate te*perature, therefore, ia baaed on the 
convection heat transfer coefficient of 8.8 Btu/hr ft'V. 

Fro« the teat reaulta obtained, it can be aeen that no aignificant 
taaperature gradients o..curred within the equipoent Mounting surface at 
the particular heat load.  Ttie Man teaperature of the Mounting surfaca. 
therefore, will provide aufficiently accurate data for predicting coa^ 
ponent temperatures. 

For a given heat load, Man temperature of the cooling-air atreaa, 
heat-transfer surface area, and known convection heat-transfer coeffi- 
cient, the average teaperature of the equipMnt Mounting surface can be 
deterained fro« the following sis^le expression: 

316 



- 

Ah 
Pi 

- t 
fl 

t  ■ r.  ♦ •- 
pl    fl   Ah 

Th« total hMt tTAnrntmr  murtmcm mm 
Subatitutinq values ylalds A -  1.55  ft'. 

Si •864 TTSTTTi)--86* »•111#' 

M^SPllSSSri 0f th* 5?* pUt*'  M ^termr»^ fro. M Coo- dit on 11 t«p.ratur. »••ura^nt.. w.. loaV.    Th« re.ult. «« in •«- 

fV!i   T? th«"-! perfor^nc« prediction technique can provide euf- 
U*~*i9 ***** mm, Ho-evr. with hi^ly concentrated ZTToJZ 
«illMiymtort heat load., an overall fin-effectivene.. factor ^.t 
be  introduce a. outlined in the previous exa^le and al« in Sec- 
C»Oft VII■ 

0 - n AH 
o   o Vtpl(«a)i) " 'f l ) 

pl (MX) • t 
fl n A h 

O    O 

*» — mm»m mmmn  of the cold plate, and highly-concentrated. 
un.y»«trical heat load.. ca^>uter analy.i. mumt  be employed when »re 
accurate result, are required. 
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- UM ptmmmntmd msmplm  calculation can b* ua^ whan tha cold plata 
ooafiquratlon and tha aqulpmnt arran^MMnt ara known.  Under condition« 
when only tha heat load, eooUnq-alr flow rate, and/or velocity, and 
inlet te^peratura ara qiven, the cold plate Mat be deaigned to aatiafy 
the electronic-equlpMmt thermal requiraaants.  Th^ae requtrewnta aay 
include «awiiw aIlo«#abla lunction or caae taaperaturea and teaperatura 
uniforuty.  Deatgn of the cold plate(i) in such a caae will be «ore or 
leaa a "cut and try" procedure. 

limitationa and packaqinq danaity, usually encountered In 
aeionlc« equlpMnt theraal deaiqn, will probably alwaya require finned 
heat-tranafar surfacea. Ca«F«-t heat-eschanqer surfacea (fina or corea) 
of diffarant confiqurationa and MterlaU are available froa aany ■ourcaB. 
Selection of theae lurfacea should be based on both heat-transfer and 
preasura-drop raquirwaanta.  Inforaation pertaining to heat-transfer and 
fiow-friction design data for these surfaces nay be obtained fro» heat- 
exchanger handbooks or tha published literature of Manufacturers. 

The praliainar/ theraal analysis Bust be started fro« the aaxiMan 
allowable tMperature of the aost taaperature-aensitive electronic 
equipMir.t and its electrical power dissipation rate. When the mt*imm 
allowable junction teaperature of the component (s) and its power dis- 
sipation rate are known, the case taa^eratur« of the co^onent can be 
ooaputed fro« procedures previously outlined. The Interface resistance 
between the coaponent Mounting surface and the cold plate depends on the 
Mounting arranqenent (with or without insulating washers) and can be 
found In published literature, or mist be deterMlned frcss experUsenta. 
Ho accurate analytical terhnloues for predicting Interface thanssl re- 
sistance ara available, particularly when Insulating washers ara used. 

The theraal performance prediction procedure outlined so far pro- 
vides tha MaxlMUM teMperatura of the cold plate at the locations of the 
concentrated heat loads.  If the concentrated heat loads are Moderate 
i»i »y^etrically arranged, the surface area of the cold plate can be 
coMputed if the convection heat-tranafar coefficient is known.  «118 
will be the total heat transfer area, consisting of fin and munting 
surface, or surfaces, if both sides of the cold plate ara uaed for 
egulpMent Mounting.  The heat transfer surface area May be eoaputed froe 
the known sleple expression 

O-nAh ft.    -t \ 
o  o V pl(nax)   lfl ; 

froM which 

A - i   !■ I» II   —ii ^ ■!   ■  ■Tgr~mmm:   m m mi ^Jf—— 

noho   ('pK-«)   "  'fl) 
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* 

potmibl, *«ri«bUs might  COM Into coo.idtr.tion in MUct- 
n, th. propor qm<mmtry of th* h.«t-tr«n*f,r murtmc:    for «»Mpl«,   if 

ll«it«tton. .r« iMpoMd on U* •qvivm.nt-moxmtinq .urf^c. *r«.   loo«r 

fSTLl  thus r^ui,^ .  ur,« h..t-tr^.f.r .urf«* «...    On th. 
oth.r hmnd,   if   Hmt.tion. .re  U^oMd on th. volmm of th. cold pl.t» 

Uct^l.     such fin wtry will c.u^ .  l.r^r prw.ur. drop of th. 

TTclJZ ^«Tfth#m?"'  ^^ ^"^«»^ "t..  fro. co^on«*. will 
Ji^ ^Zti^    1 ? th# ••Uctio" of ■ -«•*" ~t.ri.l  thick- n.t. of th. mountinq .urf.c to rwluc. tw^r.tur. gr^li.nt.. 

th-rJ ;        i^"'111' •! •**■ tim to "t«t»H«h .t««l.rd d..i^ «id 
l^TrL?      "T™ ^•dlcri0fl techniqu.. »id pro«dur...  unl... th. 
J^illZl J?itf!m'nl •nd/0r 'y"t•M "' •l'0 "•«»•rdiwd.    Diff.r.nt 
^uipMnt  hunting «rru^MKnt.,   h..t   led.,   and 9.ner.l  th.rMl  r.- 
quir«.nt. r^ir^ diff.r.nt cold pl.t. oonfigur.tion. .nd d..ign .p- 
pro.ch...     Wh.n no p«tlcul.r r..trlction. .r.  t^o^d M to wlqht .ri 

£ rV^'—"'■'   Ü  li * mim,lm -"" to ^«^n . cold pl.t. by following th. pr.wnt«J d.t. Md .n.lytic.1 procwdur... 

«»    ri9^* 17? 'I^ «»"-Pl't. .ffwtiv«»... ».r.u. cooling-.ir  flow 
lÜLÜ»      •^"^.f^ COOl*nt •nd ■ount4n9 PUt« t«^.r.tur. «•- 
*urM.nt..     Th.  following ^uation. d*fln. Q mnd .ff.ctiven...,  c. 

Q • «Cp out -  t 
in. 

wCp 
in 

c • 
tout " tin 

Si - Sn 

-•. i. 
out 

^in 

coolant  outlet   t.^er.tur.,   •f 

cooUnt  inl.t tMp«r.fur.,   'f 

t^ - .v.r.g. tMp.r.tur. of Mounting pl.t..   V. 

Th. ,.n.r.l  tr.nd of r^luc«! .urf.o. ./f.ctiv.n... en b. .Kpl.in^J by 

liTi.l?*:,, "f 0t •"•ctiv«'»«" ch«^.   1. cow.d.   • .ig- 
nificnt diff.r.nc. en b. ob^rv^l b.twwn Cold Pl.t.. No.   5 .nd Mo    6. 
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Since fin «ffectivene« is mttmcfd not  only by hMt-tx.n.fer co«fficl- 
•nt«. but also by fir. lenqth. Cold Plate No. 6 (with the longer fins) 
experienced a «ore significant reduction in effectiveness than Cold 
Plate Ho. S. 

(J) Sa*>le Calculations for Determining Heat Transfer Coafflcients 
fro« BxperisMntal Data 

Two saaple calculatiwis, on« for a cold plate without finned sur- 
faces (Cold Plata Mo. 1) and the other for a cold plate with finned sur- 
faces (Cold Plat« No. 5) are perfonad. 

(Cold Plat« No. 1) 

in accordance with th« Newton's law of cooling, the average heat- 
transfer coefficient, h. can b« cos^uted by dividing the convective heat 
flux by th» difference between th« average surface and coolant teaper- 

Ah (At) 

t 

The cttlcalation procedure is cos»>licated here by the condition that the 
cold plate Bust be divided into two sections:  the mounting and cover 
Plates.  The total convective heat transfer, therefore, must SIBC be 
divided into two parts:  heat transferred fro« the equipment nounting 
plate «nd heat transferred from the cover plate, or 

'Pi 

wti.r.- 

'pl Pi  Pl  1 1 (V. (max) n) 

or 
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Si "Wl   ("Si" 'n) 

c c    c   \   b        f i / 

Because of the uny unknowns  in the above equations,  a direct solution 
of these equations is i^wssible.     It  is convenient  in this case to de- 
termine first the heat-transfer coefficient of the cover plate   (based on 
the temperature drop)   froa the  following expression   (Ref 26). 

e    • • >-U8h     ■   (L  -   x) 
x b cosh   (mL.) 

At x - L, the central section of the plate, we find that 

ft. 
'> 
e   cosh (siL) 

9b ■ rb ■ »n 

e   - t   - t 
•   e  ^fi 

r     in   out 

and L - 3.125 ♦ 0.25 - 3.375 in. - 0.281 ft. 

322 



Und«r TMt Condition  il,  obt«in«1  fro« Table A-4 and Figure   173. 

rfl. HfiH. l02p5.P 

tb - 208
,r, tm ■ Wr 

eb - 20S - 102.5 - 10i.5#r 

0# - 159 - 102.5 - 56.5»? 

Fro« the known teaperaturee, the heat-tranafer coefficient of the 
cover plate can be coaputed as follows: 

coah ,.L, - ^ . ig^l . L867 
e 

■L « 1.234 

1-234 /    h 
„..HI  

4-:ä9» n/^öTö" 002b) 4.« 

h - 19.28(0.234) - 4.5 Btu/hr ft 7,P 

Next, the fin effectivenea« of the cover plate can be computed 

tanh (BL) _ tanh (1.235)   0.844 
»*- 1.235     " 1.235 0.b85 

Heat transfer rate fro« the cover plate is found with 
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Öc '    Ac hc ('b ■ l
fl)  - «0.685) (0.281) (4.5) (2.08 - 102.5) 

91 8tu/hr 

A"«ln9 ? 5% h9*t i0*m  to th# «nvirona»nt. « can co^ut. th. total 
heat di.aip.t.d by th* cold plata a. follow: 

C - 340 - 17 - 323 Btu/hr 

heat dissipated by the cover plate is 

0pl ■ 323 - 91 • 232 Btu/hr 

Fro. the expression ^ - ^ hpi ( t^ . fj , ,, ^ th-t 

h . -  iL 
Pl  V(Vi-n) 

Determination of the cold plate average tes^erature is based on two sets 
of temperature readings as indicated below (see Figure 82), 

t , - MB) ♦ t(9) ♦ t(l0) ♦ t(ll) f t(l2) *  t(l4) ♦ t(l6) ♦ t(l9) ♦ t(21) 
pl 9 ——————__  

■ 21s » ^16 ♦ 222 ♦ 220 ♦ 220 ♦ 209 ♦ 210 ♦ 212 ♦ 211 
9, —_ 

I'iSS 
- 215,F 
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7      _ ttS) ♦ t«9) ♦ t(lO) ♦ t(U) ♦ t(i2) ♦ t<13) ♦ t(14) ♦ t(lS) 
,1 n     "   

♦t(16) ♦ t(17) ♦ t(18) ♦ t(19) ♦ t(20) ♦ t(21) ♦ t(22) 

. 2l*  *  2lb  * 222 *  220 *  220  4 209 *  209  *  210  ♦ 210 ♦ 213 
15 ^ 

♦ 214 ♦ 212 ♦ 212 ♦ 211 ♦ 213   3206   ,,, ,. 
15 15" " 213-7 r 

of thm  ■■all difference between the two average tMfwrature«, 
only the first value, based on the nine teaperature readings, is used 
for Computing hpj.  If «ore significant teaperature gradients occur 
within the plate, than SOBM average te^>erature for each of the nine 
areas should be daterained. 

Substituting values yields 

» t .   
QPI         .  232 7 ,3 

P   AP1 (V " Si)   «a26)<2i5- l02-5> 

h , • 8 Btu/hr ft 2,F 
Pi 

Froa the coaputed heat-transfer coefficient and the aaximun average 
teaperature, F 
can be deterai 
^•■Pfr*ture' ^pl(aax)' th* «"«ctivanaas of the Mounting plate, rw,;, 

^ 
Pl   * . h . / t        - t  \ pl pl \   pUaa»)   fi; 

wri.r« 
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wh«f.             i                   . t(8)   ♦  t(9)   *  t(10)   ♦  t(ll>   ♦  t(l2) 
pl(nax) ~1      — — 

215  ♦   216  ♦  222  ♦  220   »  220       1093 —f - — 218.50F 

Mi 

232 
'pl   (0.26)(0)(218.5 - 102.5) " 0-962 

to  i„rrL'
i,,i>lifled c°,,,Putation8 ^d d-ta presentation, it is convenient 

to Introduce an overall heat transfer coefficient, h. 

0-r,oAoho (Vl-tfl) 

h fi 

o o V pl   fi) 

The overall surface effectiveness, n,,, can be detennined fro« the fol- 
lowing expression: 

o o   pl pl   e c 

o   pl A     c A 
O O 
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A       -   0.26   ft.7,   Ac  -  0.281   ft.2,   A     -  0.541   ft   ? 

.r 

Substituting v-lies yields 

,», i 

\ " 0-962 £& * o-™ ^ 

n    ■   0.818 
o 

-  0.462   +  0.356 -  0.818 

.    •  r.  !•   i.   , 

323 
o       (0.818)(0.541) (215  -   102.5) 6.5 Btu/hr  ft'   T 

Th« Nusselt number  is found by 

-"-^■-o2^ 16.4 

Similar procedures may be applied for determining the average heat- 
transfer coefficients and Nusselt numbers for the other test conditions. 

(Cold Plate No. 5) 

Since the cooliug-air flow channel of this cold plate is provided 
with a compact heat-exchanger core, the total heat-transfer surface area 
must be used in the convection heat-transfer equation.  With the short 
fins extending from the equipment nounting plate, an average heat- 
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A 
Mai. 

transfer cvtticimnt vmlm c«n te •■■IJM4 for ch* whole surfac« *r—. 
Tit» h*«t-tr«nsf«r co«fficl«iitt   therefore,   la eo^utad  froa the avaraqe 

-nt aountinq plat« and cooling-air  teaperaturet. 

h - A lSi"n) 

whara A ia the total haat tranafar lurface area which 
ba UM tt'. 

Tatt Condition 11 «ad Manifold confi«juration 11, 

was determined to 

-    69 * 100 
'fl '  2  " **'***    «»»<* 0 • »^ Btu/hr 

I   ,   -   %in)   * t(K)   * tllV   *  t<lfc>   *  ttl9)   ♦  t(22)   ♦  t(?5>   ♦ t(2fc»   ♦   t(27) 
Pi < '—  

.   1C4  »   It» ♦   lit  ♦ 94  ♦   HI  ♦  UQ ♦   101  ♦  109 ♦   US 
9 ' 

-  52i •  107.M •   lOB^P 

ititutinq valuaa yielda 

'   1.>S   (108 - M.S)   " ••• ,tu/hr   ft   "*' 

The ttuaaalt  ngnber   is  found  fro« 

Mu -  h r - «.«ft 5—5- -  5.77 

Introducing the overall surface effectiveneas, we obtain 

J^9 



- 
e ■   n Ah   f t" \ 

. 

^ (Vi—i-^fij 

wh*r* 

', I (MM)  ~~5 ■ '—*" 

,  104 ♦  life ♦  11l   •   ä   i  ♦   m      549 
 ^— — " ~ ■ »09.8 - iio#r 

itutinq values yields 

<" 
331 

l.ii   (S.86)(110 - 84.S) • 0.932 

MM. 

8«MpU ProblM - Alr-Cool«4 Cold Plate 

It is required to design an air-cooled cold plate «or cooling elec- 
tronic aeaeably conaieting of 13 power transiatore with power dissipa- 
tion of 30 watts frui each transistor. The SMximsi allowable Junction 
teaperature of the transistors is given as tj - 135*C. Coolinq air 
inlet teaperature is 8oV. tMperature riae across the cold plate is 
United to At - 20 r. and the MaxiBua air velocity is limted to 25 
ft/r— 

All of the transistors will be Mounted on one side of the cold 
plate using indlua washers for electrical isolation.  AasuMing package 
outline as TO-66 with Junction-to-case thensal resistance R4.c 

3 C/watt.  Contact resistance between the transistor flange and Mount- 
ing surface of the cold plate is given in Table 1 as Uc-pj - O.lbV/watt. 

A» heat dissipation rates froM »he individual transistors are not 
high, a Mounting plate with thickness of A - 1/8 inch is selected.  It 
is further assuMed that width of the cold plate is not liMited, and a 
plate-fin surface 10-37T heat exchanger core is selected.  Reference 37 
presents the following data for the above surface geoswtry: 
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Pin pitch - 10.27 par inch 

Plmtm  Bp^cinq. b - 0.S44 Inch 

Hydraulic dian»i«r, Dj, • O.Qia&9 ft 

fin metal  thicknmmn,   6f - 0.010 In. aliaintM 

Total h*at transfer araa/voltMe batWMn plates, ß - 2S9.93 ft'/ft1 

Pin araa/total arsa - 0.863 

Plgur« 174.  Section of Sanpl« Cold Pitta 

tha «quipMant aountinq surface are« of the cold plate aust be 
puted to satisfy theraal requireaents of the transistors. 

Based on heat rejection rate and teaperature rise of the cooling 
air, the weight flow rat« of the air nay be deterainod froai the following 
equation 

Q ■ wCp (At) 

Q  - 20(12) (3.41) - 818 Btu/hr 

: 
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NaqUctinq natural convection and radiation to thm  «urroundlnq «nvirfm- 
mmnt,  all of thia haat aust b« abaortod by th« coolinq air, and 

Q 818 
Cp(At»   .24(20) 

• 170 Ib/hr 

(Xitlat tanparatur* of th« air 

Suit  - t4n  ♦  20 • »W ♦  20 -  100"F 

Maan tMf«ratura of th« air 

t       . 8f- *  too m      . 

Propartiea of air at thia tawpuratuf« 

P ■ 0.072 lb/ftJ 

K  - 0.0155 itu/hr. ft V 

U •  0.0455 lb/ft. hr. 

Pr • 0.70 

Volua« flow rat« of coolimj air 

v"  7" LJ?2- 2,6l ,tVhr 

for th« fivan air flow velocity, th« r«quirad fr«« flow area will b« 

A ■ u ' HAuk)  " 0-02"1 "'  " J-78 to1 
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Width of thm cold pl.t« c« b. 6mtmrmirm4 tnm th.  following «pr«..lo»n 

A -   b(   S44)   -  B(10.27)(.M4M.010)   -   B(.488) 

.4M       .4M       7-75 in 

The  Iteynolds n 

- bFL.^im (25)Ofc(K))(.072) 
.4   ' 1791 

fro« tofarcnc«  27 

(h/OCp)(Pr)V» . 0.00495 

-- 6481   Ib/hr.   ft2 
A       .02621 

h/0Cp ' ^TM11 " O-00^» 

h -  .00565(6481)(.24)  «8.8 Btu/hr.   ft'  *r 

of th. hwt •xchang.r «urf«« and th« h««t tr«n>f«r co«ffi- 
ci«nt«r« known,   th« ov.r«ll w«l9ht«d «Kt«nd«d aurf«e« «fflcl«ncy can b« 
co^>ut«d fro« th« following «spr«ssion 

Af A 

n««t   "A      nf   * jT5"     nr 

t tab) f V 3   <»'«») . 14 V 100(.000833) 14• 53 
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(■b)r - U.« ("ff4) * 0-*5M 

*, ■ -5i2
!y^5Mi ■ »••" 

\-ri 
t«n h (ab), 

rl ■ - 0.764 
h (,lb,f * AL29iiI tan h <'0«71) sin h (.6S88) 

f 0OOt33 

nc-0.7M  ^ * {j047^ - 0.763 

Th« ara« ratios can bm from  th« following reasoninq: 

Assuaunq a section of th« cold plat« having h«at transfer surface 
«r«« of unity.  In accordance with the given data, fin area/total area 
- 0.863, thus Af - (1)(0.863) - 0.863.  As th« cov«r and Mounting 
platas' surface araas are equal 

A - A , - l•0 ' 0•863 • 0.0685 ft* of total ar«a c        pi 2 

A«Kt " 0'863 * O«0685 • 0.8315 ft* of total  are« 

Substtuting th« co«put«d values 

. (1 
-^    (.877)   , ^§|    unm 

«xt 

M4 



-Ill STilLTZ ^n"9 iS electronlc c<«Pon.nt.,  th. cold plat. 
"    L^ncv    tSr.fL Ur rfficiency-     Acc"'-«e d.te™in.tion of the 
rriciency.   th»r.for«,   U not po..lbl« tefor« .i^ of the cold plate 
:   ^T^ ■ounUn9 "•■an,«»nt  i. not known.     On thTo^er ^ 

.nj. of th. cold pl.t. will  .!«, „.pe^ „p«,  th# aUo^U Jt ^n 
th. cool.n, air .tr.a- and th. ^uip^nt  «untinq pl^T 

For a givan cooling air  t^peratur. and maximum allow.bl.  lunction 

f^r«^^.^  lrrmi'tor-'  A^- «ithin  the ^u^nt  «unt  nT^r- 

Printing th. total th.r«l r.ai.tanc.. and Äf. in graphical  for« 

f 

Wie following Äf. can already b. d.terminwl 

t    -   125'C -  '   (125)   ♦   32 .  257' 

tfl   -  90V 

At
tot  -  257  -  90 -   167*P 

A'j-C "   20   (3)   -  60#C  -  |   (60)   -   l08or 

At c-pl   "   ^MB)   -   3.6C -  |   (3.6)   i  5.5#r 

fro« th. above Atpj   ♦ Ltccnv -  167 -   (108 ♦  5.5)   -  52.5,P 

of th. rather  low conc«ntrated heat  loads spacing anong the 
ZZmil flu f6^*"'"" ^adient. within  the mml*7mtZ*!*llZ 

w.        u.   n,..,! tot  m »■■llllllj hM   fcr«n.f.r.    hmmmd^ fir.,  . ötconw  "   30  F.   and   introdut-in«  -ffj^i _*   ^w^   _I       .   . • »t   a Atconv 
- 0.868 

io»»   *  . I        l "«ner.r.  As.unlng first a 
30 r.   and introducing .ffici.ncy of th. .«tended surface l^ 
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f 

- 3.57 ft3 

nh(At)       .868(8.8X30) 
conv 

Voluae of the cold plate V • A/ß 

V • 3.57/289.93 ■ 0.0123 ft1 

Length of the cold plate L - V/A 

where A ■ .544(7.75) - 4.216 in' - .0293 ft1 

L - .0123/.0293 - 0.42 ft 

or L - .42(12) - 5.04 inche» 

Assume L ■ 5 inches. 

The equipment nounting surface area of the cold plate can be di- 
vided into 12 equal sections and the transistors located on these sec- 
tions.  Heat, dissipated by the transistors, will spread within the 
sections which may be considered as radial fins.  In accordance with 
sise of the cold plate and equipment arrangement, tbu approximate values 
of the two radii were determined to be r • 0.25 in. and r ■ 1.0 in. 

o e 

Fron procedures outlined  in Section Vila,   thr   extended  surface area 
per unit area of the mounting plate are determined to be: 

Aext '   <1><1><-544'(f2)(289.93) - 1  -   12.14  ftVft2 

and the effective area 

Al«»  " *«,.   t-s  • U.MC.tMl  -  11.2  ftVft •xt ext    ext 

VTI— 
^8.8(11.2) 
100(.0104) -  9.735 
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Bir 9-735  ^ B 0"8112 

r /r  - 0.25 o • 

From Figure 27 the temperature excess ratio 

t - t 
• - 0.75 -  -^ ^ 

t t  - t 
o o       <* 

where t^ is the coolant  temperature,   0F 

t    is the temperature at radius r    -  .25  in. 
o 

t^ is the temperature at radius r - 1.0 in. 

From tne known parameter mb efficiency cf the equipment mounting plate 
can be obtained from Figure 26. 

b - 1.0 - .25 - .75 in - .0625 ft 

and mb - 9.735(.0625) - .608 

n - 0.80 

Based upon this efficiency the maximum At between the equipment mounting 
plate and the cooling air can be computed 

At t - t 
o   <*> 

g _   8i8 
HAh " .8(3.57)(8.8) - 32.5^ 

t  - 32.5 ♦ 90 - 122.50F o 
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o   « o   • 

t^ - 0.75 (122.5 - 90) ♦ 90 - 1140F 

t0 " t# - Atp - 122.5 - 114 - 8.50F 

on the co«puted value* of tt^^  - 300F and 0^, 
actual Junction taaperature of the transiatora will be 

- 8.50F, th« 

ta - t 
fl 

♦ At    ♦ 
conv Atpl .  At 

c-pl 
♦ At 

j-c 

Substituting values 

t. • 90 ♦ 30 ♦ 8.5 ♦ 5.5 ♦ 108 - 2420F 

125'ct!257"tUre ^ belOW th* all0wable "»»«i»«« Junction teaperature of 

c.  Cold Plate« Provided with Heat Pipes 

Tie alectronic-equipnent thermal requirements of uniform-temper- 
ature equipment mounting surfaces can be most easily satisfied by in- 
corporating heat pipes into the equipment mounting chassis or cold 
plates. Cold plates provided with heat pipes were fabricated and tested 
to demonstrate the feasibility and performance characteristics of this 
technique. 

The cold plates presented in this section can be divided into three 
general categories.  (1) cold plates provided with conventional heat 
pipes, (2) cold plates provided with conventional heat pipes and phase 
change materials, and (3) cold plates provided with variable conductance 
heat pipes.  The data presented in this report were obtained from Refer- 
ences 5 and 40. 
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1.  Cold Plates Provided with Conv«ntlon«l Heat 

(1)  Meat-Pip« Cold Plata No. 1 

Figure 175 shows Cold Plate No. 1 which was nade of aluminu» and 
contained a continuous 0.5-inch heat pipe bent in a U-shape, thus for«- 
ing two evaporator sections and one condenser section.  Copper tubing 
l/4-inch outside diameter), through which coolant was circulated, was 

attached to the condenser section of the heat pip«,  A tape-type elec- 
tric heater, attached to the plate as shown, was used to siaulat« the 
equlpwnt dissipated heat load.  The heat pipe was designed for a heat 
load of approximately 100 watts (340 itu/hr), and asaonla was used as 
the working fluid.  Teaperature distribution of the plate was alaost 
cosipletely unifor».  This condition can be explained by the uniforsi heat 
input fro« the tape heater.  Concentrated heat loads would ciuse certain 
teaperature gradients within the plate. 

Figure 176 shows teaperature changes of the cold plate (thenaj- 
couple 12 readings) resulting froa electrical power input changes.  The 
teaperature change is linear to an electrical power Input rate of 75 
wattsj there Is soae deviation thereafter. This phenoaena could ikave 
been caused by soae noncondenslble gas left In the heat pipe or aore 
heat dissipation to the aablent air at the higher plate teaperatures. 

i,M,n^?
U"J

177.!hOW*«th* ""* plate wlth two ■"A«»" Power transistors 
(2N1016) and a duwy" coaponent attached to It.  The transistors were 
fastened to the plate with the .nanufacturer's recosaanded torque of 

m-lb.  Temperature «easureaents were made with copper-constantan 
tharaocouples Inserted Into small holes drilled Into the plate and the 
coaponent aounting flanges and/or studs. 

Figure 178 shows coaparlson of tenperature distribution of the cold 
Plate under conditions when the plate was cooled by a circulating liquid 
coolant and natural convection to the aablent air.  Electrical power 
Input rates to both transistors were the saae under both conditions. As 
exp«ct«d, there was a significant t«ap«rature diff«r«nc« of th« tran- 
sistor mounting base betw««n the two test condition«, thus showing the 
effectiveness of liquid cooling. 

It should be noted that the tesiperature of the heat pipe Increased 
by 69 F without the coolant flow and was unlfora throughout the plate, 
except around the transistor aounting base. The tes^erature increase of 
the coaponents would be much larger for an ordinary llquld-cooled cold 
Plate without the coolant flow.  The heat-pipe cold plate can provide a 
significant advantage as a h«at sink under «swrgency conditions by 
Incr.aslng the fin effectlv«n«ss, thus th« h«at dissipation rat«. 

(2) Haat-Plp« Cold Plate No. 2 

Figure 179 shows Cold Plate No. 2 provi.. d with rectangular heat 
pip« passagas.  Th« cold plat« was made of 1/8-lnch thick alualnum 
sh««t« welded In a configuration to adapt electronic equipment heat flux 
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^ 
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EL. POWER INPUT 4S 
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TO EACH TRANSIT TOR) 

HEAT PIPE TEMP. 

TRANSISTOR MOUNTING 
ASE TEMP. 

POWER INPUT 45 WATTS 
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HEAT PIPE 'EMP. 
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fiqutm 178.    Tw|).r.ture Di^rlbutlon of H^t-Pip, cold PUt« No    1 
und«r Coolant Plow and Mo-Plow Condition« 
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I  ^COOLANT TUBING 
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Kiyurt-  179.     HMt-Plp« Cold  Plat«  No.   2 



^ 
•lauUton.     Only on« mnd of thm pUt.  i« .howni   th. other «nd I. *i^- 
Ur.     n» h«*t-pip. p«sMqet w«re  lined with two l«y«ri of  100-wsh cop- 
per scr««n and cturqed with rr.on  U.     Th« «l«ctronic-«quip«nt h««t 
l^d M. .i«ul«t«d by two -dui»y- co^pon.nt. «nd • bl«nhct-typw «Uctrlc 
h«Nit«r.     A tot«!  heat  lo«d of 230 w«tt«   (40 watts fro« «ach co^onent 
and ISO watts froa the electric h««t«r)  could b« g«n«rat«d by th« h«at 
flux siaulators. ' 

. ^i9ur«  180 shows S«ctiün A-A   (evaporator  section)  and Figure   181 
shows Section B-B   (condenser section)  of the cold plate. 

COMPONENT 

r HICK' 

rigur« 180. S«ction A-A of Cold Plat« 

COOLANT TUBING 

/-SCREEN HICK 

fJifij ■■■( 

riqure 181.  Section B-B of Cold Plate 

Figure 182 shows teaperature distribution of th« cold plat« as 
■easurvd along th« «xternsl surface of the central heat pip« «t th«nBo- 
coupl« locations 1, 2,   3, and 4.  Th« t«8ta wer« perfonsed at three dif- 
f«r«nt levels of electrical power input to the electronic cos^onent 
heat-flux sieUator«. A condition was also investigated when the heat- 
pipe passages were not charged with the working fluid.  It can be seen 
that teaperature gradients within th« cold plat« can b« significantly 
r«djc%d by th« application of heat pipes. 
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Figur« 182. Teaperature Distribution of H««t-Pipe Cold Plate No. 2 
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Figur« 183 «hot» taaperatur«« distribution fro« thm  c«^orM,nt 
•ovBitlnq b«M to th« clrcuUting «»Unt at thre« different «Uctric«! 
po**t  Input MftM, thm  figure clearly shows that the largest tesywra- 
cure differentials occurred within the coaponent Mounting surfaces 
(conduction heat transfer) and at the condenser section (convection heat 
transfer).  If theraal requireaents dictate lower coaponent te^>era- 
tures, critical sections of the cold plate aust be properly increased or 
•pacings reduced. 

(3) Heat-Pipe Cold Plate Mo. 3 

Theraal tests perforaed on the conventionally-dealgned (fin-tube 
arrangeaent) cold plates indicated that a significant teaperature dror 
can occur within the aounting surfaces.  IMs condition can introduce 
restrictions for cooling coaponents with high power dissipation rates 
unless thick aounting plates are used.  To reduce te^>erature qradients 
within the coaponent aounting plates, a new design was devised.  Figure 

l^,!,OW! SU PUt* ,to- 3 Which ••• "^ ot two thln •^•t« foraing a 
3/16-inch-wide internal cavity. A 100-assh copper screen was jseo aa a 
wick and was charged wir.n a working fluid.  Because of ease of fabri- 
cation, the cold plate was aade of copper instead of aluainua, which 
would be a aore realistic aaterial for airborne applications. The 
electronic coaponents. generally silicon power transiators. were aounted 
to inserts aa shown in Figures 185 and 186 of the cold plate.  Heat 
generated by the electronic coaponents was transferred through the 
inserts to the working fluid, and froa there to the coolant, which was 
circulated through 1/4-inch-diaaeter tubing attached to the condenser 
section.  The arrangeaent of the heat-pipe cavity and coaponent aounting 
surface shortened the conduction path significantly, thus reducing the 
teaperature differential froa the inaert to tne working fluid. Evapor- 
ative heat transfer took place froa the insert and internal surface of 
the plates. 

Heat transfer froa extended surfaces has been discussed in Section 
VII and will not, therefore, be discussed here. Only the resistance 
network froa the coaponent aounting base to the working fluid of the 
heat pipe is shown.  See Figure 187. 

s 
•'VW- 

Figure 187.  Resistance Network of Evaporator Section 
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TRANSISTOR 2N1016 

SCREEN MICK 

P4     fa - 24 STUD^COOLANT TUBING 

Figure 185.     Section A-A of  Heat-Pipe Cold Plate No.   6 
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Figure  186.     Section B-B of HeAt-Pipe Cold Plate No.   6 
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This resistance can b« expressed as follows: 

" " "V "m. *  i ♦ _L.4 L 
B_. ♦ R_   R    R , ♦ R Pi ev   pi   ev 

R. - thermal resistance of aounting joint 

Rint ■ ther»al resistance of insert 

R  ■ theraal resistance of plate 

R,v " evaporative resistance 

Figures 188 and 189 show teaperature distribution fro« power tran- 
slators 2N1016 and 2N2109 to the heat-sink circulating coolant at three 
different power dissipation rate*.  The transistors were mounted di- 
rectly to the plate without using any electrical isolation.  As can be 
seen, teaperature differentials caused by conduction heat transfer 
through the plates were significantly reduced.  Thensocouple 13 was 
located approxiaately 1-3/8 inches fro« the center o!  the insert. 
Ther«ocouple 14 is shown located in the cavity of the cold plate.  Ac- 
tually, it was located at a section of unifor« teaperature. away fro« 
heat sources.  This teaperature was assuaed to be equal to the vapor 
taaperature.  Since te«perature readings 13 and «5 were hard to specify, 
the coabined te«perature differentials (conduction and evaporation te«- 
perature and convection and conduction teaperature) are shown in the 
figure.  The largest teaperature drop occurred at the condenser section 
of the cold plate and was priaarily caused by the convection heat trans- 
fer to the circulating coolant.  This teaperature differential, however, 
can be reduced by providing a larger convection heat-transfer area. 

An atteapt was also aade to deteralne the aaxiaua concentrated 
heat-load reaoval rate. An electrical power input of 165 watts was ap- 
plied to the 2N2109 power transistor without any indication of dry-out 
of the wick.  Because of the cold-plate internal pressure and transistor 
teaperature considerations, no further increase was aade in the elec- 
trical power input.  At an electrical power input of 165 watts, the 
transistor case teaperature reached a value of 180oF. Based on a 
junction-to-case theraal resistance of iuc • 0.SS^C/watt - 0.63

oF/watt, 
the transistor junctipn teaperature was deterained to be 

C      JC 284,F - UO^C 
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This tmperature wa> telow th# m*ximm  allowable junction teaperature of 
175 C.  It aust be noted, however, that no insulating washer was used 
between the traniiator and cold plat«. 

2.  Cold Plates Provided with Heat Pipes and Phase Change Materials 

In a liquid-coolsd tyste» where cold plates are used for cooling of 
•lectronic equipment, mm  »eans >ust be provided to avoid a catastro- 
phic failure of equipment essential to "safe return." Such condition 
can occur when a closed-loop cooling syste.. because of enea^r action or 
other reasons, develops a leak and looses its coolant.  If emergency 
cooling is not provided, overheating and failure of the electronic 
equipaent would follow within a very short time.    To avoid failure of 
equjp«ent essential to returning the aircraft safely to base, MM aeans 
■ust be provided for eaergency cooling.  This can be acconpU.hed by 
Incorporating Into the cold plate materials of high heat capacity, such 
as evaporative coolants or heat-of-fusion Materials. 

(1)  Heat-Pipe Cold Plate No. 1 

....  'wf! ü? ■h0%rt COld P1*te No- 1 "•de of ***  *nd provided with 
three l/2-lnch-dia«eter heat pipes.  Space formed betwren the two mount- 
ing aurfaces was sealed.  It could be filled with MM heat-absorbing 
«atarial.  Blanket-type electrical heaters, attached to both sides of 
the cold plate, simulated the alactronlc-equlpment heat load.  Heat, 
generited by the electric heaters, was transferred to the heat pipes, 
and from there to th« circulating coolant.  Both of the plates took part 
in the heat transfer process. Although hoat-of-fuslon materials were 
used with this type of cold plate (see Raf 41), only data obtained with 
evaporative coolants are presented. 

To Insure wetting of the heated surfaces, a loose fiber wick was 
Installed between the two plates, leaving space for vapor to escape. 
Two filler tubes were used for filling and venting the evaporant.  Ap- 
proximately .462 cc of liquid could be stored In the space between the 
two plates. 

Plgure 191 shows temperature changes of the cold plate versus time 
after the circulating coolant was turned off.  The results are presented 
for two fluids, water and Freon 113, and two different heat loads for 
each fluid.  As can be seen from the figure, water provided the best 
heat sink as far as operating time Is concerned.  The 262 cc of water 
provided an operational time of over 4 hours at a heat load of 50 watts 
after the coolant flow was turned off.  The temperature of the plate, 
however, was quite high because operation occurred at sea level.  When 
Preon 113 was used as the heat sink, the plate tes^erature was main- 
tained at quite a low level, but the operational time, becauba of the 
low latent heat of evaporation, was short.  The operation time can be 
Increased by providing additional space for the evaporant. 
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Smlmction  of th» liquid should torn  b«Md on th* «llowabl* c« 
of thk  ■ountlnq put«.  Matar has th« «roatast latant heat of 

vaporisation, but It has dlnadvanta^at In Its high bolllny ta^eratura 
and fr«i«inq point.  Tha boillnq taaparatura, howvar. Is lowered with 
incraaalnr altitude, and tha freezing teaperature can be lowered by 
addtrx) aethanol. Mhen liquid iiitnbutlon it not required, the freeslnq 
problaa is not so severe if space for expansion is provided.  Othei 
fluids. Pre-na for oxaaple. can be use«: if the plate teafwrature aust be 
■•intained below the boiline teaperature of Miter. 

(2) Heat-Pipe Cold Plata Ho. 2 

Plqure 192 »hows hiqh-haat-capacity Cold Plate No. 2 taken fro« 
Reference 5. Thi» cold plate was provided with four 3/8-Inch copper 
heat pip • and a reservoir was installed around the condenser section 
for storing the evaporative coolant.  The reservoir was designed for 10- 
sunut« operation of the aquipaent at a aaxiaua heat load of 120 Mitts 
and a cold plate teaperature rlae of J0*P.  it was charged with 0.45 
pounds of luethanol ( hfq - 472 Btu/lb ) capable of absorbing approxl- 
aately 210 Btu.  Thr reservoir was provided with a pressure control 
valve which was set to open at 0.4 pslg (15.1 psia): this pressure 
corresponds to t teaperature ci  150#F. This teaperature is U'P above 
the noraal aaxiaua teaperature which could occur in the condenser. 

Heat, generated by the equipswnt. was tranaferred to the condenser 
section where, under noraal operation, it was reaoved by the circulatina 
coolant. When the coolant flow was Interrupted, the »eaperature of the 
heat pipes, thus that of the condenaer section, rose and reached the 
boiling teaperature of the aethanol which was used aa the evaporative 
coolant. The teaperature of the condenser section reaained constant as 
long as there was liquid In the reservoir. 

One-oha, 10-watt wire-wound resistors (type RER 65) were used as 
the heat load.  The resistors were bonded to the cold plate with a 
filled uposy adhesive (Ablestlck 465-9) which has a theraal conductivity 
of 0.4 Btu/hr ftV were attached with two No. 2-56 screws torqued to 
1.5 in-lbs.  Resistor locations are shown in Figure 192.  A circuit 
diagraa of the resistors is shown in Pigure 193. 

The Inlet teaperature of the coolant was llo'r.    More detail» about 
the cold plate and heat-pipe design can be found In Reference 5. 

Teaperature changes of the cold plate (theraocouple 12 reading) and 
resistor (4 (theraocouple 11 reading) versus tiae are shown in Figure 
194.  It can be seen froa the figure that the teaperature of the cold 
plate increaaed by approxiaately 250F during the 30-alnute tias inter- 
val.  The equipaent operating tiae could be extended if higher teaper- 
aturas can be tolerated, or the reservoir voluae can be Increased. 
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Figur. 192.     H««t-Pip. Cold Pl.t, No.   2 with High Th.r«.l Cp.city 
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- (1)  HMt-Pip« Cold PUt« Mo. i 

Fiqute   I9i> shows the hiqh heat c«p«city Cold Plate Mo. 3 which was 
of a slaiUr design, as far as th« basic cold plat« Is conc«rn«d. to 
cold Plat« Mo. 2.  in this configuration, th« r«s«rvolr of th« phase- 
change Material was directly attached to th« back «id« of th« alusunu» 
cold plat«.  Th« h«at storage systea was designed for IS-alnute opera- 
tion at a heat load of 120 watts when th« circulating coolant was turnad 
off.  In order to prcMBot« heat transfer Into the haat-of-fusion nat«- 
rlal, the reservoir was ptovid«d with an alualni« honeycosi» Matrix. 
Because of Its Melting point (1S*P «bow« th« nonsal operating te^>er- 
ature of the cold plat«) and high haat of fusion, stearlc acid was 
selected as th« h«at-of-fuslon Matarlal.  Th« aaount of stsarlc acid 
n««ded for 15-»inute operation without coolant flo« was determined to be 
1,23 pound«.  The latent haat of fusion of this Material is 85.6 Btu/lb. 
with a density of 53.8 lbs/ft*. 

One-ohM. 10-watt ^Ire-wound resistors were used as the haat load, 
location of th« resistors is shown In Hgur« 195. 

»ratur« changes of th« cold plat« (thensocouple «2 readings) 
and rasistor 14 (theraocouple il readings) versus tiae are shown in 
Pigur« 196. 

3.  Cold Plata« Provided with Variabl« Conductance Heat Plpas 

If close t«Hperature control Im  required for SOSM special «quipawnt 
only, the use of variable-conductance haat pipas will probably be the 
best Method of solution. This cooling technique can be used for reduc- 
ing taaparatur« cycling of «quipswnt causad by heat-load variations or 
heat-sink temperature variations.  The tharMal perforMance of thre« 
different cold plates provided with variable-conductance haat pipes la 
presented. 

(1)  Variable-Conductance Haat-Plp« Cold Plate No. I 

Varlabla-conductance Cold Plate No. 1 is shown on Figure 197, (fabri- 
cated by McDonnell Douglas Astronautics Coapany).  The cold plate was 
Made of aluMinuM and consisted of two 1/8-Inch-thick plates and two 1/2- 
Inch-dlaMeter heat pipes, a^ch of which was providsd with thr«« 3/4- 
Inch-diaaetar 14-inch tubas used as noncondensible gas reservoirs.  A 
device, located between the heat pipe and the reservoir, prevented 
liquid «MMonia fro« flowing into the reservoirs.  Heat was resoved by 
circulating coolant through the l/4-lnch-diaM«t«r copper tubing attached 
to the condenser section of the heat pipes.  The plates and heat pipes 
w«r« bonded together with aluminuM epoxy.  The cold plate was designed 
for a total heat load of 250 watts. 

The heliuM-filled reservoirs provided teHperaturc control of thr 
plate under conditions when the heat load was changing.  At low haat 
load, the noncondensible gas extended quite far Into the condenser 
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Mellon, and resistanc« to h««t flow wai Increased. When  the heat load 
of the plate was increased, the vapor qeneratlon and flow rates, thus 
the preisure, were increased, pushing the noncondensible gas back into 
the reservoir.  The displaced gas exposed a larger condenser surface 
are« for condensation, thus proaoting heat transfer of the heat plp*s. 
The t»aperatura of the plate was maintained constant and stable because 
of th« variable conductance of the condenser. 

The cold plate was instrwentod with »JO-gage copper-constantan 
thenucouples attached to internal and external surfaces of the plate. 
The equipwmt heat load was simulated by tape heaters attached to both 
sides of the plate.  DC power supplies were used to provide controllable 
electrical power input to the heaters. 

figures 198 and 199 show teaperature distribution of the cold plate 
at different electrical rover input rates to the heaters and at two 
different coolant inlet teaperatures (S50r and ll't).     The figures show 
teaperature aeasureasnts taken neu an edge of the cold plate (along the 
heat pipe). As could be expected, teaperature distribution along the 
plate was nonunifora at the  lower heat input rates because the non- 
condensible gas occupied a large portion of the condenser.  However, 
when the heat load was increased, the vapor flow rat« and pressure were 
also increased, exposing a larger surface area for condensation.  As a 
result, only a saall teaperature increase of the plate occurred. 
Soaswhat larger teaperature changes and also higher teaperatures were 
observed at the central «action of the plate (between the heat pipes). 
This condition was caused by the theraal resistance of the plate. 

Figure 200 shows teaperature changes of the cold plate (obtained 
froa theraocouple §2 readings) resulting froa heat load changes. Coa- 
parison is aade in the figure between the conditions when the coolant 
inlet teaperature was 55*F and 720F. As can be seen, above a heat load 
of 80 watts, the teaperature change was quite saall and Unear.  A heat 
load change froa 80 watts to 240 watts caused a plate teaperature change 
of only 10oF.  It is also interesting to note that a coolant inlet 
teaperature change of 170F caused a plate teaperature change of only 
2,F.  This indicates that such a cold plate can significantly reduce 
theraal cycling regardless of the source inducing the cycling. 

(2) Variable-Conductance Heat-Pipe Cold Plate No. 2 

Figures 201, 202, 203, and 204 show different sections and views of 
variable-conductance Cold Plate No. 2 taken froa Reference 5.  Design of 
the cold plate was based on the Hughes version of the deflection aapli- 
fiers for tne AMACS cathode-ray-tube display.  The aaplifiers had a 
noraal theraal load of approxiaately 120 watts in coaponentc that wer-» 
attached to both sides of the original liquid-cooled cold plates.  The 
highest junct ion teaperatures were experienced by eight transistors 
identified a;: (.11 through QIB in Figure 204.  These transistors dissi- 
pated an average of 8 watts each.  In soae display aodes, four of these 
trancistors dissipated 16 watts each, resulting in a nonunifora load to 
the heat pipes. 
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-* Th. cold plat« w» timmiqnmd to  limit   t««p«r«tur« chanq« to 20*P 
with « clvu^* In coolant t«ap«ratur« fron ib*r  to 12J#r or with « chano« 
In dls«i(>«t«d pow»r fro« JO w«tts tn 120 watts.  A coolant flow rat« of 
0.4 gal/Minute of 62/J8 «thyl«n«-qlycol and watar solution was ua«d for 
«volvin^ the condMMf Met ion of th« cold plat«. 

Figur« 203 shows soas s«ctions through th« evaporator and condensar 
of th« h«at pipas. Th« haat pips evaporators ar« provide w*Ui a thm 
wick that i« f«d by « larqar artary wick. Ihm  condenser consists of a 
wlck-lined tub« with two coolant tubas located as shown. Thm  condenser 
wick Is connected to and feeds the evaporator wicks.  An ordinary Inert 
9as raaervolr at haat-slnk feaperature cannot provide an effective nsans 
of t«ap«ratura control, particularly at the lower sink t«^>«ratures when 
partial pressure of the vapor becosMS v«ry low.  This problM was Pv«r- 
co«8 by ssparatinq th« in«rt qas fro« t^ vapor by use of a sprlnq 
bellows to provid« thm  required voluee change with chaixia In heat pipe 
pressure.  Figure 302 shows the arrangesMnt of the bellows.  More da- 
tailed inforwtlon about th« design of this cold plate can be obtained 
froa Reference S. 

The transistor Mounting hardware Is shown In Figure 205. thm 
transistors are fastened to the cold plate by two No. 4-40 belts torquad 
to 5 in-lbs.  The transistors are elsctrlcally Insulated fro« the cold 
plate by a 0.064-Inch-thick berylItus^oxide washer with a thermal con- 
ductivity of 140 »tu/hr ftV.  Sillcone grease (WakeflelJ 120) was used 
on all skating surfaces. 

Figur« 206 shows teaperaturs changes of the plate (thensocoupla 12 
location) and transistor 017 case versus coolant inlet teaperature 
changes.  Electrica: power dissipation fro« th« transistors and the 
coolant flow rat« were Maintained constant during all the test condi- 
tions.  The coolant teaperatur« was varied fro« 350F to 120#F in ap- 
proxiaately 20*F lncr«a«nts.  Teaperature aeasureaents w«r« r«cord«d 
after egulllbrlua conditions ware reached. Aa can be seen, a coolant 
teaperature variation of 85*F caused plate and transistor rea^erature 
variations of approxlastely 20"F# which are within the predi':t*d range. 
It aust be noted, however, that the overall teaperatures ware higher 
than predicted. 

Figure 207 shows csse teaperature of transistor Qll  versus dif- 
ferent electrlcsl power dissipation rates froa the transistors. A con- 
stant coolant flow rate of 0.4 gal/alnute was aalntalned throughout all 
the test conditions with a coolant Inlet teaperature of 120,F. The test 
results show that a powar dissipation rate Increase froa 20 watts to 120 
watts (Ao a loo watts) caused a teaperature Increase froa 144'F to 163*F 
(fit - l^F). 

C3)  Variable-Conductance Heat-Pipe Cold Plate Mo. J 

Figure 206 shows variable-conductance cold Plate Mo. 3 which was of 
slallar design to Cold Plate No. 2, except for the stud-aounted high 
power coaponents.  These coaporents, two high power transistors (2N3846) 
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Figur« 208. Ther«ccoupl«, Transistor and Diode Location» on Variablc- 
Conductanc« Heat-Pip« cold Plat« No. 3 
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*nd four diod«. (1113885). *.« «Uct^ to in^.tl^t. .ff.ct. of con- 
centrate h^t lo«d..  on« of thm  truwiitor. *•• bolted directly to the 
oold plat«. whlU the other wa. provided with a 0.031-lnch-thick beryllla 
»Mher for electrical leolatlon.  Thenal «abound (W^.fi#id 120) was 
i«ed on all interface..  The power tran.i.tor 5/16-24 .tuds were torqued 
to 16Ü tn-lbe, the diode 10-32 .tud. were torqued to 30 in-lb«.  The 
diode, were runted directly to the cold plate with the therMl compound 
a»ed on all «ountlnq joint«. ^-vouna 

ThenMl performance of the cold plate w«. inve.tiqated under condi- 
tion, of variable coolant teeperature. and variable electrical power 
di.aipation rates fro« the coaponents. 

Figure 209 .how« temperature change, of the cold plate (thenw- 
cuuple #2 location) and tran.i.tor Ql  caM ver.u. coolant inlet teapera- 
ture c»v ^ge. fr« 350r to 120V.  A con.tant coolant flow rate ofTJ 
9*l/«inut. wa. Maintained throughout the te.tk.  Aieo. the electrical 
power dia.ipation rate of 120 watt. wa. aaintained con.tant, the power 
di.aipation rate fro« the tran.i.tor wa. 40 watt..  A coolant tewera- 
ture increaae fro. 350r to 120-r (At - BS'r)   cauwd the plate andtran- 
■i.tor CM te^erature to increase 260K. which is 68F higher »..an 
re.ult. obtained fro. Cold Plate No. 2 tested at .i.ilar conditions. 

Figure 210 show, te^erature changes of the cold plate and tran- 
sistor Ql ca.e a. a function of electrical power di.sipation rates fro. 
the components.  There was no power input to transistor Ql  at Test 
Condition U  20 watts were applied at Test Condition 2  and 40 watts at 
Tsst Conditions 3 and 4.  A constant coolant flew rate of 0.4 gal/ 
■inute and an inlet te^erature of 120^ were «aintained throughout the 

Figure 211 shows the cold-plate temperature and case te^>erature of 
transistors Ql  and 02 •• a function of different electrical power dis- 
sipation rates fro. the transistors.  It Mist be noted that only one of 
the transistois wa. energised at any one UM.  While the teaperature of 
the cold plate increased fro. 1420F to 1690F (At - 27^), the case 
te^erature of transistor 01 increased fro. 1460F to 1960F (At - 50'F) 
when ^he transistor electric power dissipation rate was increased fro. 
30 watts to 100 watts. 

Siailar tests were also perfonwd with transistor 02 which was 

!VeÜ Jl% Si pUt* Wlth " 0-031-^h beryllia washer.  Because 
of the high hunting joint ther«! resistance, the rate of tes^erature 
K r**!*/" „ •»Wher.  The test results show that Maintaining the 
heat-sink te^>erature at a constant level does not provide a satisfac- 

^Yf^n^0M?r •qUip,,,ent havin9 hi9h «unting-joint themal resistance 
end for significant changes in power dissipation rates. 

4.  Circuit Card Heat Pipe 

A thin, flat circuit-card heat pipe was developed under a study 
fyf^*1?1!'!11-'1 5-  •"»• circuit-card heat pin» was designed for a 
total heat load of 24 watts, consisting of twelve 1.2-inch x 1.0-inch 
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hybrW cireyit ptzk**,, which mm bond«! to UM card.     Each of th. 
(Mcfc«9*« di»mip*t*i 2 watt«.     Figur,  212  mhomm  the ouUtn« of  th* 
Circuit-eard ha«e pip« mtdm of beryl In» copper.     Tt» wick  im —m*u I 
Vn l^TJ^1^ 0J 200 "  U00-—h t-ill^dytch-^^ nicker!«^ 
i2.^Üi      ^L    ^L-  -tainleM-.t^l  feU-»tal arf ry «Ick.     Iteth««! 
»■• Man as the Morkinq  fluid. 

r. Pl^* fiL-**0*" th* Cl^C,,ll C*ird wlth the h^^ ^»^«'t packaqe.. 
igure 214 .how. ^d«. cla^. of th. circuit card. Tim circuit ^^1 
««ailed Wtically with hwt .ink. .t both «MJ. of  the c.rd.     C^la^ 

tub*, were «ttachad to the card «lot  fUtur.. «»»«nt 

J^«» t««« of the circuit card «are parforaad «t crd .lot 

t^;!»    #S        "U?* l40r-    At  th* ^^ •lot  I"!   Hi«! of  SO-r. 
JT»^! piP!.^l*'ir*d ^ ^ l««cticaUy non-oper.tive.   .howing .   Uro. 
tZT    ?"*  dlff.r.nti.1  .Ion, th.   l^gth of  the c.rd.     Hcwev^.   *>.* 
the card . ot t«*.r.ture w.. Incre.^d to lio'r.   te^cr.tur. of ^ 
c.rd »as .laoat ynlfor».     The poor porfor^nc. .t  the   low condenw 
^p.r.tUt* can be .«pl.ln«! by *m, non-ronden.ible <,..  l.ft   m the 
c^ity or by manic flow probl«. .t  eh.  low »^or pre..ure.     At  low 
J!***1]«;'';1"-'  " «^^ ** with lowr bollin, t^per.tur. 

«-a 'IT! 2li mf*m9 *****?**• di^ributlon of  the circuit card «t . 
crd-.lot t.«p.r.tur. of 140V.     A t-v.r.tur. differ^c of Wro,|. 
-«•»y 4 f occur. totWMn th. central action and «S9.. of thToard 
f^f * ■olid **»•' C*rd ^ •imil*'  thickne.. could not .chi.v. »uch . t.»n.ratur. uniformity. 
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Th# t^pcratur« drop «croas UM clMpirxj «tevlc« «pp««rMl to be too 
high, and »CM taprovcaenta «r« required for the high-power circuit 
cards. 

5.  Themal Herforw 
with Heat Pipe* 

Characteristic« of Cold Plates Provltted 

Because of the different configuration« and equipaent «ounting ar- 
rangraenta. no direct co^arison of the thermal perfonaance amonq  the 
cold plates is poaaiblet only torn  of the theraal pe.-fonMnce charac- 
ter let ics, therefore, are diacuaaed. 

, ^^ pl«t«* Noa. 1 and :, which war« generally of «imlar design. 
showed quite significant tc«perature gradient« within the equiptMnc 
■ounting surfaces and at the condenser section.  Beside« the unifora 
taaperature along the heat pip« aai«. there m no advantage in using 
heat pipes instead ot  sia^le liquid flow paasage«. 

Cold Plate No. 3 showed significant iaprovoaient m reducing tea- 
perature gradient« within the equipaent aounting «urfaca.  The Mia 
advantage of «uch a cold plate is teaperature uniforaity across the 
whole equipaent-aounting surface area.  Electronic vquipaent «»unted on 
such a cold plate will have alaost unifora ^a^eraturea regardless of 
the power di««ipation rate«.  Thi« condition is becoaing a requireaent 
in alcroelectronlc «ysteas.  There was a noticeable teaperature drop at 
the condenser section because of the saall convection heat-transfer 
surface area.  Thia la a general problea in applications of heat pipes. 

Great advantages can be gained by using heat pipe« in cold piatea 
provided with heat-of-fuaion aaterlala or evaporative coolant«.  Even 
though the heat-abao.-bing aaterlala are located outaide the cold plate, 
heat, generated by the distant cosponent«, 1« transferred to the heat 
«Ink with a very mall teaperature gradient. 

The use of variaole-conductance heat pipes for teaperature control 
of special electronic equipaent 1« presently finding wide application in 
«pace flight.  The u«« of heat pipe« in avionics equitsaoint cooling i^ 
generally haapored oy the effect« of dynaalc »r.J gravity forcea.  It is 
anticipated, however, that with special precautiona and deaign proce- 
dure« thwae probleaa can be solved and the unique character let lea of the 
heat pipe« will find wider application« in avionics equipaent cooling. 
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APPENDIX A 

TEST DATA 

Table A-l. Test Cut« of Liquid-Cooled Cold Plat« Mo. 1 

Tm,K.Hn- 
COJPLE 
MO. 

TEMPERATURE, "r 

TEST COND 11 TEST COND 12 TEST COND • 3 

1 70 70 71 2 72 74 78 3 115 165 210 
4 
5 

122 
79 

172 
90       ' 

220 
93.5 6 75.5 80 88 7 77 86 92 8 76 81.5 87 9 78 87 97 
88 

10 75.5 81.5 
11 77 87.5 95 12 77 n 90 
13 77 84 90 14 83.5 98.5 114 
15 
16 

87 
78 

102 
83 

117 
90 17 76 80 85 18 76 82 88.5 19 80 33 85 

20 77 88 96 21 78 83 86 22 76 88 94 23 75 82 86 
24 77 83 89 
25 74 79 85 
26 81 88 101 27 80 90 96 28 76 80 85 29 78 92 103 
30 80 90 96 
31 80 90 98 
32 78 89 9'' 
33 78 88 96 
34 78 88 96 
35 78 91 98 

A-l 



Table A-l.     Te»t Data of Liquid-Cooled Cold Plat« No.  1   (Cont) 

THKKWU 
COUPLE 

Hij. 

TEMPEKATURE, 0F 
  

TEST COND 14 TEST COND 15 TEST COND 16 

1 72 72 72 
2 76 78 80 
3 90 94 100 
4 87 91 98 
5 123 150 180 
6 125 155 181 
7 130 159 187 
8 132 161 190 
9 208 216 225 

10 87 94 100 
11 87 94 99.5 
12 83 88.5 94 
13 84 90.5 96.5 
14 90.5 96 102 
IS 86.5 90 96 
16 93.5 101 110 
17 92 102 no 
18 93 99 107 
19 94 101 110.5 
20 120 126 130 
21 90 94 98 
22 91 95 101 
23 83 90 §5 
24 82 92 97 
25 87 91 97 
26 89 94 100 
27 90 95 102 
28 86 92 100 
29 88 91.5 97 
30 84 91 96 
31 82 90 94 
32 85 90 95 
33 88 92 99 
34 93 97 103 
35 101 106 112 

A-2 
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T«bU A-l.     T«it Omt» of  Liquid-Cooled Cold Plate Mo.   1 (Cont) 

THEWO- 
COUPLE 

NO. TEST CQm)  17 

1 72 
2 81 
3 138 
4 143 
5 141 
6 145 
7 140 
• 148 
9 230 
10 132 
11 132.5 
12 114 
13 116 
14 110 
15 no 
16 106 
17 108.5 
18 106.5 
19 106 
20 14 3 
21 120 
22 124.5 
23 102 
24 105 
25 97 
26 107 
27 106 
28 97 
29 105 
30 106 
31 101 
32 103 
33 108 
34 109 
35 122 

TKHPERATURE, 0P 

TEST COHD  IS TEST COW> §9 

73 74 
86 88 
190 200 
191 199 
177 200 
186 218 
185 210 
186 215 
245 248 
145 ISO 
147 152.5 
126 
131 
129 
129 
122 
124 
120 
126 
156 
133 
137 
115 
118 
108 
123 
121 
110 
120 
118 
114 
117 
120 

136 

131 
138 
136 
134 
133 
129 
127.5 
133 
160 
139 
143 
120 
123 
115 
129 
127 
117 
126 
125 
119 
121 
127 
179 
140 

A-3 



- 

m A-l.     Test Data of Liquid-Cooled Cold Plate Mo.   1   (Cont) 

THEWC»- 
COUPLE 

NO. 

1 
2 
t 

4 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

TEMPERATURE,   "f 

TEST COflD   110 

66 
93 
.06 
207 
200 
200 
200 
201 
239 
156 
158 
144 
146 
144 
143 
136 
126 
138 
136 
174 
146 
150 
136 
132 
121 
139 
136 
125 
137 
136 
135 
U2 
135 
134 
147 

TEST COND 111 

74 
88 

200 
194 
189 
191 
190 
187 
229 
151 
A52 
131 
138 
135 
131 
126 
117 
127 
117 
164 
139 
141 
116 
121 
113 
128 
127 
117 
126 
125 
119 
119 
127 
125 
140 

TEST COND 112 

78 
84 

181 
179 
180 
181 
179 
178 
218 
141 
143 
121 
126 
123 
119 
116 
107 
115 
107 
154 
127 
132 
106 
110 
103 
117 
115 
106 
113 
113 
107 
107 
116 
115 
127 

A-4 



A-2.    Te«t Data of Liquid-Cooled Cold Plate Mo.  2 

THERHD- 
COUPLE 

NO. 

TKMPKhATUM., "f 

TEST CO»/ '<l TEST COND «2 TEST COW» tj 

1 66 66 66 
2 68 70 73 
J 110 157 197 
4 111 156 196 
% 69 73 78 
6 7' 78.5 84.5 
7 3 78 H4 
e 7i 77 81.5 
9 72 75.5 81 
10 72 76 82.5 
II n 77 81 
12 73 79 86 
13 82 97 112 
14 84 100 115.5 
IS 71 74 78 
16 7« 79 85.5 
17 72 76 82.5 
18 72 77 31.5 
19 72 76 M 
20 72 76 81 
21 73 76.5 81 
22 72 78 •S 
23 70 72 75 
24 71 75 M 
25 74 80 87 
26 72 79 •5 
27 73 76 H 
28 72 76 79 
29 75 84 94 
JO 73 78 84 
31 70 74 78 
32 77 86 96 
33 74 80 88 
34 76 44 91 
35 74 88 88 
36 74 88 

MOTE:     ONLY  TRANSISTORS   11   6  2  ENERGIZED 

A-5 



T*bU A-2 .     Teit Data of Liquid-Cooled Cold Plate No.  2  (Cont) 

THEMD-  1 
COUPLJ-. 

NO. 

TKm'EKATURi:,   0F 

TTSr COW5  M TEST CONO   9b TEST COND  §6 

1 69 70 70 
2 73 73 77 
3 78 82 85 
4 80 82 87.5 
s 131 164 189 
b 142 171 202 
7 133 161 185 
• 121 155 182 
9 78 82 85 

10 81 86 91 
11 88 93 99 
12 90 95 98 
13 79 83 87 
14 7? 82 86 
15 92 101.5 109 
16 38 95.5 103 
17 91 100 108 
18 90 103 113 
19 78 82 84 
20 81 85 90 
21 83 88 93 
22 80 85 89 
23 91 85 89 
24 83 88 94 
25 76 80 82 
26 70 80 83 
27 82 90 94 
28 M 94 101 
29 78 82 86 
M 80 87 91 
31 84 94 100 
32 80 82 88 
33 82 N 96 
34 78 80 86 
35 78 82 87 
36 78 82 87 

NOTEi ONLY  TKANSIST0RS  •: 1,   4,   5  ft 6  ENEftGi: ■B 

A-6 



Tabl« \-2.    Tm»t Ott* of Liquid-cool«d Cold Plat« No.  2  (Cont) 

oomm 
MO. 

T«™™E. V 1 
TEST COHD »7 TKST ttJHi, tH TEST COMD §9 

i 70 70 74 
2 78 82 89 
1 IM 176 223 
4 124 17} 220 
» 141 183 218 
• III 184 222 
7 142 174 209 
8 133 162 197 
9 120 129 137 

10 US 124 13S 
11 114 125 13S 
12 112 123 134 
13 99.5 118 137 
14 99 119.5 138 
IS 99 116 130 
16 99 113 127 
17 100 118 m 
18 100 115 131 
19 95 104 US 
20 99 108 122 
21 99 HI 124 
22 99 109 120 
23 90 100 117 
24 90 99 114 
25 92 104 IM 
26 92 104 118 
27 96 104 119 
28 96 108 121 
29 94 108 12* 
30 96 108 121 
31 93 104 116 
32 94 106 118 
13 88.5 97 106 
34 91 101 113 

«WTti      MX COMPONENTS   ENERGIZED 

A-7 



Table A-2. Tmmt  ü»t*  uf Liquid-Cooled Cold Plate Ho. 2 (Cont) 

f 

THKIO» - 
COUPLE ■mrwATuw. *r 

TUT COM) «10 TEST COMD   til TEST  COM)  iU 

1 69 74 76 
2 n 87 83 
1 197 183 172 
4 192 179 170 
5 222 US 207 
6 244 237 227 
7 226 209 200 
• 214 200 189 
9 136 127 114 

10 136 123 114 
11 136 123 114 
13 147 130 120 
1) 139 126 115 
14 137 125 115 
1% 142 135 127 
16 143 132 132 
17 146 129 120 
18 146 111 120 
19 118 109 102 
20 128 116 106 
21 134 IM 106 
22 133 118 108 
21 111 104 97 
24 130 111 100 
25 112 104 »7 
26 114 105 97 
27 125 112 102 
28 132 118 107 
29 122 110 102 
10 121 110 102 
31 129 117 109 
32 127 114 105 
34 126 no 101 
35 124 109 100 
36 124 no 100 
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T«bl« A-3.  Test Dmt»  of Uquid-Cool«J Cold t>Utm  No. 

THERMO- 
COUPLE 
NO. 

C 

1 
a 
i 
4 
I 
6 
7 
8 
9 

10 
II 
12 
1J 
14 
IS 
U 
17 
18 
19 
20 
21 
22 
23 
24 
2S 
26 
27 
28 
29 
JO 

TEMPERATURf. *r 

TEST COND 11 

M 
69 

107 
7J 

106 
71 
72 

117 
76 
73 
78 
72 
72 
77 
74 
73 
73 
74 
72 
77 
72 
74 
74 
73 
72 
78 
72 
75 
76 
74 

TEST COKD 92 

65 
72 

147 
79 

142 
77 
77 

172 
86 
79 
89 
76 
76 
89 
82 
78 
78 
•2 
77 
86 
76 
82 
61 
81 
74 
88 
77 
80 
85 
82 

TEST COND fj 

65 
75 

188 
86 
178 
83 
83 
229 
95 
85 

100 
81 
31 
100 
89 
85 
84 
89 
83 
97 
82 
| . 
89 
88 
80 
•h 

82 
87 
94 
89 

TUT COM) 14 

72 
74 
74 
75 
77 

106 
79 
75 
74 
74 
77 
90 
80 
76 
75 
77 
76 
M 
84 
77 
83 
75 
76 
74 
84 
75 
79 
74 
76 
72 

TtäT CUNO 15 

72 
75 
74 
75 
78 

122 
82 
76 
74 
75 
79 
98 
83 
78 
75 
79 
77 
84 
90 
78 
MM 

76 
78 
74 
90 
76 
82 
74 
76 
72 

I 2 



T*bl« A-J.    T*st D*tM of Llquid-Coolad Cold Plate No.   S  (Cont) 

THCRIIU- 
COUPLE 

TEMPEKATUHE, •p 

HO. TEST COMÜ »6 TKST COHD #7 TEST CDNL «8 TEST COHl» »9 TEST com  110 

1 71.5 67 66 66 68 
3 7S 69 69 69 75 
J 74 70 70 70 i a 
4 76 102 118 133 112 
5 80 72 74 74 116 
6 137 71 72 73 94 
7 85 112 136 159 123 
• 77 71 72 74 128 
9 74 70 71 71 81 
10 76 78 82 85 M 
11 §2 72 73 74 87 
12 106 71 71 72 86 
13 86 77 81 85 H 
14 79 72 74 74 87 
IS 75 70 71 72 80 
16 §1 74 78 80 84 
17 79 74 76 79 83 
IS 88 71 73 74 84 
19 97 70 71 72 84 
20 80 70 71 73 •5 
21 93 73 75 78 85 
22 77 74 76 78 85 
23 M 74 76 79 85 
24 74 72 74 75 81 
2b 95 72 73 74 84 
26 77 73 74 75 M 
27 86 76 77 82 86 
2S 75 77 79 83 86 
29 78 73 75 76 85 
30 73 71 71 71 80 

A-10 
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T*U /J.    rm»t Ott* of Uquld-Cool»d Cold Plat« *».   J  »Cont) 

A-U 
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Tabl« A-4.     T»«t  Data of Air-Cooled Coid Plat« No.   1, 
Manifold Configuration  «1 

™iwr>- 
CCUPUl TtMPtSMTUM.   V 

Ttrr ca» it TtfT CO» 12 TW CONt» || TMT tX4IL   14 

1 73 7J 7J 'l 
3 i» 104 •4 M 
1 337 IM 16 7 154 
4 23^ in 157 145 
S 331 in Ml 150 
I 336 179 161 Ml 
7 ■ 179 M 148 

f 
• Ul I7i 154 141 
1 3U 17J 154 142 

il 
233 
33Q 

177 
17» 

156 
1S5 

144 
143 

13 IM 175 155 141 
1 1 M lb% 145 1)2 
14 .... HI 145 
IS 310 lfe7 147 1« 
to 310 165 145 1)2 
17 .1 i 167 147 1 14 
11 314 170 J5o m 
»* 313 1..» 14« 1)7 
20 313 167 147 111 
31 311 MM 146 1 II 
33 311 l.H 148 115 
31 20 J 160 141 138 
34 .foh 163 142 1)0 
3S 190 150 1 II 133 
3« 159 131 106 98 
^7 194 153 114 131 
M 133 102 94 89 n 190 146 137 116 

A-12 
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T»bU h-4.     Tmtt D»t*  of Air-CooI«d Cold PUt« No. 
M*nifold Configuration •! (Cont) 

I« 

' 

THERMO- 
COUPLE 

NO. 

TEMPERATURE,   ^P 

TEST COND  9b TEST COHD   §f> TEST CONÜ  17 

1 71 73 72 
2 77 83 96 
3 83 96 121 
4 84 98 126 
5 94 119 168 
6 83 96 122 
7 64 97 135 
• 83 95 130 
9 83 97 124 

10 93 113 155 
11 H3 96 123 
12 83 97 125 
13 IM 98 125 
14 04 99 129 
15 m 99 128 
16 44 98 1?5 
17 86 103 133 
18 86 103 

100 
135 

19 85 128 
30 85 99 127 
31 85 100 130 
33 85 99 129 
33 84 98 124 
34 84 98 126 
35 83 94 116 
26 80 90 105 
37 83 96 118 
28 77 83 93 
29 83 96 „,         | 

A-13 
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Table A-4. Test Data of Air-Cooled Cold Plat« No. 1, 
Manifold Configuration #1 (Cont) 

■.' 

THEl-MO- 
COUPLE 

NO. 

TEMPERATURE,   0F 

■it...'    OM   N TEST COND   §9 TEST COND   1.10 

1 72 72 72 
3 102 119 132 
3 152           , 193 227 
4 150 186 221 
5 153 193 228 
6 150 189 226 
7 l5V 

145 
190 224 

8 183 215 
9 146 183 216 

10 149 186 222 
11 147 185 220 
13 149 MM 220 
13 143 178 209 
14 143 178 208 
IS 143            9 179 210 
16 143 178 210 
17 145 181 213 
18 146 182 214 
19 145 181 212 
20 144 180 212 
31 144 179 211 
33 145 181 213 
33 140 174 203 
24 141 177 208 
35 131 166 190 
26 116 140 159 
27 135 167 194 
28 99 112 123 
29 132 162 190 

A-14 
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Table A-S.     Test Data of Air-Cooled Cold Plate No, 
Manifold Configuration 12 

1. 

' 

THEW*)- 
■"■"" 

COUPLE 
NO. 

TLMFEkATURE,   'f 

TEST COW.   11 TEST COND  M TEST COHP   13 TEST COND   14 

1 73 73 73 73 
2 134 104 93 88 3 236 193.5 171 159 
4 226 183 163 151.5 5 237 192 171 158 ft 231 188 165 156 7 233 189 170 155 | 223 179 159 147 9 221 179 158 146 

10 231 186 165 152 I] 226 182 160 150 
12 227 183 165 150 
13 218 173 153 140 
14 217 173 152 139 
15 217 173 152 139 16 219 174 153 141 17 222 176 155 143 18 222 177 156 143 
19 218 174 154 141 
20 220 175 154 142 
21 220 175 154 141 
22 221 176 156 142 
23 210 167 147 135 
24 21S 170 150 137 
25 200 154 134 123 
26 170 127 110 100 27 198 154 135 124 
28 115 97 90 86 
29 196 153 133 123 

A-15 
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TübU A-6.     Tmut Data of Air-Cooled Cold Plat« No.   1, 
Manifold Configuration 13 

' 

THERMO- 
COUPLE 
NO. 

TEMPERATUKE, V 

TEST Ü0ND 11 TEST CO»© »2 TEST COWJ 13 TEST COND §4 

72 73 73 73 
133 104 94 88 
218 181 163 151 
207 168 151 139 
221 182 164 151 
222 185 167 154 
213 173 154 142 
206 169 151 140 
201 162 144 133 
214 175 156 U4 
217 180 162 149 
208 168 150 137 
202 163 145 133 
198 159 141 129 
197 158 140 128 
209 171 152 140 
209 171 152 140 
303 163 145 133 
199 159 141 128 
210 172 153 140 
206 167 148 135 
204 165 146 133 
191 152 134 123 
204 165 145 133 
194 157 140 126 

26 159 125 110 101 
27 176 139 122 112 
28 146 114 100 93 
29 176 140 122 111 
30 148 115 102 94 
31 170 134 113 107 

A-16 
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T*M« A-6.     Te«t Data of Alr-Cooled Cold Plat« No.   1. 
Minifold Configuration 13   (Cont) 

THERMü- 
COUPLE 

NO. 

TEMPERATURE.   0P 

TEST CONn  #5 TEST COM)  #6 TEST COND • 7 

1 71.5 72 72 
2 77 81 84 
3 88.5 98.5 106 
4 86 95 103 
5 110 133 152 
6 90 101 110 
7 88 97.5 105 
8 88 98 106 
9 86 95 102 

10 104 123 138 
11 90 101 110 
12 89 97.5 105 
13 89 100 110 
14 90 102 HO 
IS 89 99 107 
16 91 102 112 
17 94 107.5 119 
18 93 106 117 
19 88 98 106 
20 91 10 3 113 
21 91 \0l 113 
22 90 101 110 
23 8R 97 105 
24 89 101 110 
25 88 98 106 
26 81 89 94 
27 82 92 98 
28 80 83 89 
29 85 93 99 
30 80                                       85                                        89 
31 80                                       90                                       98 

A-17 



Table A-7, Teit Data of Air-Cooled Cold Plat« No.  2. 
Manifold Configuration 11 

r • 

THERMO- A 

COUPLE 
NO. 

TtHPERATURE,  F 

TEST COND 11 TEST COND 12 TEST COND 13 

74 74 74 
104 92 86 
201 174 158 
202 173 156 
208 178 161 
206 177 159 
206 176 159 
194 167 151 
195 166 150 

10 200 170 153 
11 200 170 153 
12 199 170 152 
13 188 159 143 
14 187 157 141 
15 190 160 144 
16 186 158 141 
17 189 161 143 
18 192 162 145 
19 195 164 147 
20 193 163 146 
21 191 161 144 
22 194 164 146 
23 192 162 144 
24 194 164 146 
25 191 161 144 
26 134 114 102 
27 158 132 117 
28 136 114 102 
29 169 140 124 
30 142 116 105 

A-18 
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Table A-7.    Test Data of Air-Cooled Cold Plate No.  2, 
Manifold Configuration II   (Cent) 

TKERHO- 
COIIPLE 

TEMPERATURE, 0F 

NO. TEST COm)  14 TEST COHD  15 TEST CCH© 16 

1 72 72 73 
2 75 79 82 
3 86 99 109 
4 87 101 114 
5 109 138 166 
6 86 100 111 
7 87 102 114 
8 85 98 108 
9 87 101 114 
10 101 125 147 
11 86 99 111 
12 87 101 114 
13 86 101 113 
14 88 105 119 
15 90 104 118 
16 86 100 110 
17 87 102 113 
18 91 108 124 
19 91 111 127 
20 89 104 lie 
21 88 103 116 
22 89 104 116 
23 90 107 121 
24 89 105 119 
25 89 105 119 
26 79 86 91 
27 80 91 98 
28 78 86 91 
29 82 95 104 
30 79 86 93 

A-19 



Table A-8.     Test Ott* of  Air-Cooled Cold Plate Mo.   2, 
Manifold Confiquration  12 

■'• 

THEW»- 
COUPLE 
MO. 

T2MPERATURE, *? 

TEST COND «1 TEST COND 12 TEST CüMD •» 

72 73 73 
102 91 84 
212 is: 168 
214 185 170 
221 1 .1 175 
216 188 174 
219 191 174 
207 180 164 
204 17b 161 

10 213 184 168 
11 211 184 160 
12 211 183 166 
13 202 174 158 
14 199 171 155 
15 200 170 154 
16 202 174 159 
17 204 176 161 
18 206 177 162 
19 205 176 '59 
20 201 n?. 1>6 
21 199 169 153 
22 206 178 163 
23 205 176 160 
24 206 177 160 
25 204 176 159 
26 140 116 106 
27 174 150 136 
26 147 122 110 
29 169 141 126 
30 154 128 114 

A-20 



Tmmt   3«t« of  Air-CooU4 Cold  Plate No.   2, 
Mam told Configuration  »2   (Cont) 

COUPLE 
I 

TWPERATUM,   'f 

TEST COm 94 TEST cam §5 TEST COm H, 

1 72 72 72 
2 76 7i 81 
3 90 105 ||] 4 ■9 102 117 
S 112 142 175 6 91 107 123 7 90 104 120 
• 91 105 121 9 m 102 116 10 105 129 157 

11 91 107 123 
12 90 105 119 13 92 108 125 
14 9.1 1)0 128 
15 92 106 124 16 93 107 124 17 92 108 126 16 95 115 136 19 95 114 134 20 91 106 122 11 90 104 119 
22 93 109 127 
23 94 112 131 24 93 109 126 
25 9J 110 128 
26 80 •7 94 27 M 98 no 28 •1 •7 96 
29 M 93 104 30 82 90 98 

A-21 



Ttbl« A-9.     Ttst Dmtm of Air-Cool«d Cold PUt« No.  2. 
Hanifold Configuration 13 

J 

TWDUC)- A 

COUPLE 
NO. 

TWEBATU«, *¥ 

TEST COHD  11 TEST COND 12 TEST CONO il 

74 74 74 
10S 92 M 
207 181 164 
189 162 146 
206 179 161 
213 185 164 
197 170 154 
200 176 159 
181 1SS 139 
199 172 154 
206 180 159 
190 163 147 
192 16S 148 
184 158 140 
180 153 137 
196 169 151 
197 170 152 
197 170 152 
188 159 142 
)81 153 136 
177 149 133 
198 170 152 
192 164 147 
190 161 145 
J90 163 145 
123 108 99 
173 148 132 
140 116 106 

29 149 124 109 
30 146 122 109 

A-22 
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•twhim A-9.    T«»t Oau of Alr-Cool«d Cold f>Ut« No.  2, 

Manifold Configuration  §3   (Cont) 

f. 

CXXJPLE 
NO. 

1 

TOO»ERATUW:. V 
TKST CO»© M TEST COHD IS TEST COKD i6 

72 73 73 
3 7S 79 82 
3 at 102 115 
4 •5 96 107 
S 109 139 167 
ft 89 103 117 
7 8ft 99 no 
• 88 102 115 f 85 96 106 
10 102 126 149 
11 88 102 117 
12 85 99 111 
13 89 104 119 
14 90 105 119 
15 88 102 114 
16 90 104 118 
17 90 106 120 
18 93 112 129 
19 93 no 126 
20 87 100 113 
21 86 98 110 
22 91 106 121 
23 91 108 123 
24 90 104 118 
25 90 105 120 
26 78 84 90 
27 86 96 106 M HO 87 93 
29 81 90 97 
30 82 88 96 

A-23 
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T^bl« A-10.     T«Bt üata of Alr-Cooled Cold Plmf No.  2, 
Manifold Configuration  14 

COUPLE 
NO. 

TEMPERATURE,   'P 

TEST COM)  11 TEST OOMD 12 TEST CO»  13 TEST COW) 14 

1 74 74 74 73 
2 103 91 85 81 
2 199 174 161 114 
4 183 157 143 106 
5 199 172 158 165 
ft 200 173 158 114 
7 189 163 150 109 
8 193 168 155 113 
9 175 149 135 106 

10 192 165 151 147 
11 194 167 152 113 
12 182 156 143 108 
11 185 159 145 117 
14 178 152 138 119 
15 174 149 135 114 
16 187 160 146 115 
17 188 162 147 118 
18 188 162 148 127 
19 180 154 139 124 
20 174 147 133 111 
21 170 144 130 108 
22 187 161 146 118 
23 183 156 141 121 
24 181 154 13V 115 
25 181 154 139 117 
26 124 106 97 88 
27 162 138 124 104 
28 131 110 101 90 
29 144 119 107 95 
30 134 111 102 90 
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t«M« A-ll.    TB.t D«t'. of Mr-Cool«d Cold Plat« No. 2 

N«nifold Ccnfi9ur«tion •) 

THumo- 
aomu 

NO. 

r 

nMUMAv u.. 'r 

rar aym •! TBST COUD »2 

1 • 3 82 
2 111 100 
) 202 178 
4 202 174 
5 1«. ISS 
• Mt 183 
7 202 177 
• 195 170 
9 1S9 161 
10 182 1S6 
11 203 177 
U 194 1. . 
13 183 IS8 
14 177 ISO 
IS 176 ISO 
16 189 164 
17 190 16S 
18 186 160 
19 181 1S5 
20 182 1S6 
21 181 1S4 
22 192 I,, 
23 186 160 
J4 187 161 
2b 187 160 
26 122 10S 
27 166 143 
28 134 114 
29 1S3 129 
30 144 122 

Itanifold Conf iqur*fion   14 

ru&kMTvm. 'r 

TEST com)  «1 

81 
111 
190 
195 
172 
19S 
197 
183 
182 
172 
189 
189 
172 
168 
169 
176 
178 
17S 
174 
176 
174 
179 
176 
179 
177 
US 
1S2 
124 
148 
111 

T«8T 00»  93 

il 
100 
168 
170 
149 
171 
i75 
162 
IS9 
149 
166 
166 
1S1 
14S 
146 
1S4 
1SS 
1S2 
1S1 
1S1 
1S1 
1S6 
IS! 
1S7 
1S4 
100 
1J2 
108 
128 
US 
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* 

Tabl« A-12.     Tast Dat* of Air-Cooled Cold Pl«t« No.   3, 
Manifold Configuration 11 

' 

CXXJPLE 
TtWERATUW:. "r 

■0. TEST COND tl TFST COWD ti TEST COM) 11 TEST COHO 44 TEST COMD 15 

7J 73 73 73 73 
10S 97 89 M 83 
201 186 167 154 146 
306 190 170 157 149 
306 191 171 159 149 
18S 171 154 143 133 
197 182 163 149 141 
193 178 160 146 117 
173 1S9 140 128 131 
181 166 147 135 137 
111 166 147 135 135 
17S 161 140 128 119 
191 176 157 143 135 
ISO 16S 145 133 136 
IM 171 1S2 139 131 
18« 172 152 139 131 
181 165 145 132 132 
193 178 159 145 137 
178 164 145 132 125 
186 170 150 139 130 
IM 170 150 138 130 
in 164 144 131 122 
172 157 138 127 120 
173 157 138 125 116 
160 146 137 116 110 
14i 134 116 105 99 
160 146 136 114 105 
143 130 113 104- 97 

29 153 140 131 110 103 
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Table A-12.     tmmt  Oat« of Air-Cooled Cold Plate No. 
Manifold Configuration 11   (Cönt) 

3. 

THER>t>- 
COUPLE 
NO. 

1 
2 
3 
4 
5 
6 
7 
e 
9 

10 
11 
12 
13 
14 
15 
16 
17 

TEST COW) §(j 

72 
86.5 
148 
150 
152 
137 
144 
142 
126 
131 
13k 
128 
139 
130 
135 
136 
131 

18 141 
19 130 
20 135 
21 135 
22 130 
23 125 
24 125 
25 116 
26 107 
27 115 
28 105 
29 111 

TKWERATURE, > 

TKST COW) 17 

73 
95 
187 
191 
194 
172 
182 
178 
1S6 
164 
164 
157 
175 
162 
169 
170 
162 
177 
161 
169 
169 
160 
153 
153 
139 
125 
138 
122 
132 

TEST COWD 18 

74 
102 
224 
229 
231 
203 
216 
210 
181 
192 
191 
la4 
207 
190 
200 
201 
190 
209 
188 
199 
198 
188 
178 
178 
160 
141 
158 
138 
150 

TEST COND #9 

72 
76 
92 
109 
92 
90 
102 
90 
89 
90 
90 
m 
95 
93 
95 
96 
93 
95 
91 
91 
91 
90 
91 
91 
88 
84 
88 
83 
86 

I 

J 
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Table A-12. Tarnt  Data of Air-Cooled Cold Plata Ho, 
Manifold Configuration il (Cont) 

l-HtKMLJ- TEMPERATURE, 0F 
COUPLE 
MO. TKST COMD 110 TEST COND 111 TEST COW) 112 

72 72 72 
79 SI 83 

102 112 122 
128 148 165 
103 113 123 
100 109 119 
118 134 147 
101 HI 121 
99 107 115 

10 100 no 118 
11 100 110 119 
12 99 108 116 
13 109 122 132 
14 104 115 124 
15 108 120 132 
16 109 121 133 
17 104 115 124 
18 109 121 132 
19 100 109 118 
20 101 111 120 
21 101 111 121 
22 100 110 118 
23 100 110 us 
24 100 no 118 
25 96 104 110 
26 91 »7 102 
27 96 104 110 
28 90 95 100 
29 92 98 104 
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'.-■ 

A-13.    T*«t Oat« of Air-Cooled Cold Plat« No. 
Mmifold Confiquratlon 12 

3. 

•raNPtMTHIV, "f 
1 BBrl I 

TEST COW »l TKST omi.  1 \ NO. TEST COMD M TMT com »4 TEST COHl» H 

\ 71 71 71 71 71 

P 102 93 M 82 79 
i 2)4 215 192 176 167 

4 241 221 198 181 172 

5 M] 222 199 182 171 

• 220 201 179 163 151 
7 2)3 211 190 174 164 

8 229 209 186 169 160 

9 201 186 164 148 119 

10 213 194 172 156 147 

u 21) 194 172 156 147 

12 20% 187 165 149 140 

11 22« 205 183 167 157 

14 21S 195 171 155 145 

IS 221 202 179 162 152 

16 222 202 179 162 154 

17 216 195 172 156 147 

18 229 209 185 170 159 

19 213 194 170 154 145 

20 221 201 178 161 152 

21 221 201 178 161 152 

22 214 194 171 155 146 

23 187 164 149 ue 
24 187 165 149 139 

25 1 M 176 153 138 128 

H 184 165 143 127 118 

27 IN 176 153 138 128 

28 171 155 115 121 112 

29 187 170 147 132 122 
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Table A-i4.    Test Data of Air-Cooled Cold Plate 
Manifold Configuration •2a 

No.   3, 

TMnro- 
COUK.K 

?* . 

TKMI'KWmiM:,   T 

TEST COND  «1 TOT COM)  «2 TEST 00M0  •! TKST CONI*   M ■resT CO» • 

1 70 70 70 70 70 
1    > 92 85 81 79 
IM 215 192 178 168 
242 222 198 jai 171 
241 222 200 185 174 
221 202 179 165 155 
214 211 1 ' 175 164 
IM 209 187 172 161 
Mt 188 Ibb 150 141 
.1. 196 173 158 148 
215 195 171 158 148 
207 187 165 149 MO 
227 211 183 169 160 
217 1 " 173 158 148 
221 203 180 164 154 
223 203 180 IM 154 
216 196 171 158 146 
230 209 186 171 160 
2lb 194 172 157 147 
222 201 179 164 153 
222 201 179 164 153 
215 194 m 157 146 

190 u* 151 141 
188 164 150 138 

200 178 154 140 130 
187 166 143 128 118 
196 178 152 137 127 
1th 157 136 122 114 

29 IM 168 146 132 122 
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Tatle  A-15. Tm»t  Oat« of Air-Coolod Cold Plate Ho. 
Manifold Configuration 13 

3, 

■mtRML»- 
Otfli 
HQ. 

TEWMATUtt,   "K 

TKST COHÜ 91 TEST ccmi 9i TEST COHü  »i TEST '''»NU  §4 TI-ST CO»  f, 

78 76 71 73 72 
lu7 97 MM 84 H 
19J 177 158 149 141 
201 104 165 ISl 14». 
201 185 168 156 14H 
in 164 14t, 136 !.•■ 
I'M 175 157 147 1 Ui 
IVQ 173 155 144 135 
169 1S3 1 i. l^f. US 
174 IM 142 1 11 124 
171 155 138 127 120 
162 147 1. • 119 112 
185 168 r 140 11J 
178 U 1 141 132 124 
183 167 148 137 1.   ■ 
176 IM 147 i M 127 
172 IS5 136 125 118 
189 172 154 142 134 
177 159 142 130 122 
18J 165 146 116 127 
182 165 147 135 126 
17J 156 119 127 119 
172 156 138 127 lie 
162 147 129 119 in 
161 146 128 118 no 
Mt Ul 114 105 48 
150 115 118 108 101 
135 122 IM 99 ^4 

- • 150 136 11H 108 
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T«bl« A-15. Test Oat« of Air-Cooled Cold Plate No. 3 
Manifold Confiquration 13 (Cont) 

THERMO- 1 
COUPLE 
NO. 

1 

TKMPERATURE, 0F 

TEST COND 16 TEST COW) #7 TEST COND #8 

75 76 77 
2 87 90 100 
3 146 180 215 
4 151 187 225 
5 151 189 228 
6 135 165 195 
7 144 178 212 
8 141 174 207 
9 127 152 178 
10 131 159 187 
11 128 155 180 
12 121 145 167 
13 138 169 199 
14 132 160 188 
IS 135 166 197 
16 135 164 193 
17 127 153 178 
18 141 172 205 
19 130 158 186 
20 131 165 197 
21 131 165 194 
22 128 154 If] 
23 128 152 178 
M 121 142 165 
25 120 141 164 
26 no 125 142 
27 113 130 147 
28 104 116 130 
29 112 130 148 
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A-16. Tent  Data of  Alr-Coolad Cold Plate No.  4 

-f* 

THKRMO- 
COUPLE 
NO. 

TEMPERATURE, "f 

TEST COND 11 TEST COND #2 TEST COND • ! TEST €0*0  14 

1 74 76 78 76 2 116 99 94 88 3 130 117 113 110 4 144 126 120 116 5 157 142 137 132 
6 137 121 116 112 7 142 125 119 114 e 121 109 106 102 9 136 lie 112 107 

10 131 116 112 107 u 131 116 HI 107 
12 140 121 115 111 1J 109 97 94 90 14 114 100 97 93 
15 114 101 98 94 16 121 106 101 9 V 
17 122 107 102 98 18 124 109 103 99 19 126 110 105 100 20 126 110 105 100 21 125 loe 104 98 22 129 in 106 101 23 126 109 104 99 24 125 107 102 98 25 98 89 86 84 26 120 102 97 92 
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Table A-16.     Test Oat« of Air-Cooled Cold  Plate  No.   4   (Cont) 

r 

THKRMO- 
COUPLE 
NO. 

TEMPERATURE, •F 
— 

TEST COMD 15 TEST COW) 16 TEST COND •? 

1 77 78 75 
2 81 85 M 
3 81 85 85 
4 83 88 90 
5 120 153 162 
6 61 86 65 
7 83 89 91 
8 81 84 85 
9 82 87 89 
10 94 109 121 
11 80 85 66 
12 82 88 96 \l 82 87 88 
14 83 89 91 
15 82 87 66 
16 82 87 66 
17 83 68 69 
IB es 94 97 
19 86 95 99 
20 83 69 90 
21 82 87 89 
22 84 91 93 
23 85 92 95 
24 84 91 93 
25 80 62 61 
26 83 65 68 
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• A-17. T»«t  D«t« of Air-Cooled Cold Pl*te Mo.   5, 
M*nlfoid Configuration 11 

CM  I!  1 

NO. 

TEMPERATURE,   •f 

TtüT  COWU   11 

1 
3 
1 
4 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
39 
30 

69 
100 
124 
123 
118 
134 
135 
125 
123 
HI 
115 
130 
130 
104 
94 
103 
103 
110 
109 
107 
107 
109 
110 
110 
116 
110 
115 
111 
110 
110 

TEST COW) «2 

73 
90 
114 
114 
106 
121 
122 
112 
111 
99 
101 
118 
118 
94 
86 
95 
93 
99 
98 
96 
96 
98 
100 
99 
103 
99 
103 
97 
96 
100 

TEST COND M 

75 
86 

107 
HI 
100 
117 
115 
106 
108 
93 
96 
113 
112 
90 
83 
92 
HH 

93 
92 
90 
90 
93 
95 
93 
97 
92 
97 
93 
92 

TKST CONIJ   a 4 

74 
105 
143 
141 
130 
152 
155 
138 
136 
120 
122 
147 
147 
110 
98 
HI 
109 
119 
H7 
114 
114 
118 
120 
119 
126 
119 
126 
115 
114 
116 J 
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T«bU A-17.  Test Oat« of Air-OooUd Cold Pl*t« No. 5, 
Manifold Configuration II (Cont) 

mmM 
NO. 

TCKPEMmne. V 

TEST COND  IS TEST COND   «6 TEST COND  17 

75 75 75 
IM 128 m 
162 1S4 84 
164 185 84 
147 167 124 
179 206 89 
176 204 90 
IM 177 84 
158 177 84 
133 149 108 
136 152 107 
172 197 m 
IM 193 89 
122 136 84 
106 115 84 
123 136 84 
120 132 95 
133 149 Ml 

131 147 88 
126 141 90 
127 142 97 
132 147 88 
134 149 87 
131 148 100 
143 161 89 
132 147 92 
Ml 168 89 
1)0 143 H. 

126 140 98 
30 132 145 M 
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Table A-18.     Tut   Dmts of Air-Cool*d Cold PUte  No.   S, 
Manifold Confiqur«Hon 12 

TEMPERATURE,   > 
COUPLE 

MO. TEST COM)  || TEST COND  12 TEST COND  13 

1 73 74 76 2 104 91 87 3 128 US 113 4 128 117 112 5 120 108 102 6 139 124 118 7 136 125 118 8 126 114 111 9 124 113 109 10 113 102 96 11 114 10J 97 
12 136 121 115 
13 132 120 114 
14 107 97 94 IS 98 89 86 16 107 98 94 17 106 95 90 18 114 102 98 19 113 101 95 20 111 98 93 21 111 99 94 22 112 100 94 23 113 102 97 
24 113 100 96 25 120 106 99 
26 114 101 95 27 118 105 99 
2i 112 98 94 29 110 97 92 30 117 105 100 
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Table A-19.  Teat Data of Air-Cooled Cold Plat« No. 
Hftnifold Configuration §3 

5, 

THEWIO- 
COIFLE TEMPKRATCRfi, 0F 

NO. TEST COND 11 TEST COND 12 TEST COND 13 TEST COND 14 

74 75 75 75 
105 92 87 86 
126 115 113 83 
125 114 111 83 
119 107 103 122 
IM 125 121 88 
132 120 115 87 
122 112 110 84 
120 111 107 82 
112 100 97 108 
114 101 98 106 
135 121 118 88 
129 116 HI 87 
105 95 93 83 
95 87 84 83 
104 94 92 82 
105 94 91 94 

18 113 101 99 87 
19 112 101 97 87 
20 109 98 95 89 

109 98 95 95 
109 97 94 86 
110 98 95 86 
111 100 M. 99 
119 106 103 88 
111 99 95 91 
115 102 97 68 

28 110 99 96 86 
29 108 9« 93 96 
30 114 103 100 85 
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Table A-20. 

TMEBMO- 
COUPLE 

NO. 

1 
2 
1 
4 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Tftst D*ta of Alr-Q»l«d Cold PUte Mo. 
Manifold Configuration  14 

TEMPERATURE, •f 

5. 

TEST COHD #1 

70 
101 
121 
119 
114 
132 
130 
118 
118 
107 
110 
129 
127 
100 
92 
101 
100 
107 
106 
104 
104 
107 
108 
107 
114 
107 
113 
106 
104 
112 

TtST COHD 12 

71 
88 
117 
113 
104 
119 
119 
110 
108 
95 
98 
116 
115 
91 
84 
92 
90 
95 
95 
93 
93 
95 
97 
96 
101 
96 
100 
95 
93 
101 

TE^T COND »J 

74 
85 
110 
107 
100 
115 
115 
107 
105 
92 
94 
112 
HI 
89 
12 
90 
87 
91 
91 
90 
90 
91 
94 
92 
95 
92 
95 
92 
90 

TEST COW) »4 

61 
73 
67 
69 
108 
72 
74 
70 
70 
92 
93 
74 
74 
68 
68 
70 
80 
72 
72 
/5 
81 
73 
73 
64 
71 
77 
75 
72 
84 
73 
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K-21.     TttSt DSU Of Air C^nlod Cold PUU Mo.  6. 
Manifold Configuration  •! 

• 

THEWO- 
CMKI 

TOMRÄTURE,   *T 

NO. 

1 

TEST CUMJ  ■! TEST COND  12 TEST COND   13 TEST COND  M 

68 67 66 69 
■ 99 84 79 76 
3 109 101 96 76 
4 117 107 102 130 
5 123 107 102 79 
• 105 97 94 75 
7 106 94 91 74 
8 106 96 93 106 
9 122 111 106 •0 

10 118 103 96 78 
11 91 82 60 79 
12 93 83 60 76 
13 102 9-i 90 76 
14 104 94 90 76 
IS 100 90 67 65 
16 101 89 66 64 
17 106 91 87 60 
18 107 9 90 63 
19 105 93 90 H, 

20 96 84 80 75 
21 103 H 85 78 
22 99 87 63 76 
23 95 85 60 77 
24 98 H( 84 79 
2S 102 69 65 78 
26 100 MH H(, 78 
27 102 89 66 81 
, 103 90 84 80 
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Tabi« A-22. fmt Oat* of  Air-Cool«d Cold PUte No. 6, 
Manifold Configuration »4 

COUPLE 
NO. 

<" 

I 

3 
4 
5 
6 
7 
e 
9 

10 
ii 
12 
13 
14 
IS 
16 
17 
IB 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

TEMPERATURE, •p 

TEST CO«» II 

70 
100 
109 
119 
122 
104 
103 
109 
118 
118 
92 
93 
101 
102 
101 
101 
104 
107 
106 
95 
102 
N 
94 
96 
101 
100 
100 
102 

TEST COM) 12 

71 
89 

101 
110 
111 
97 
96 
100 
109 
107 
85 
86 
92 
93 
92 
92 
94 
96 
96 
87 
92 

92 
92 
91 
93 

TEST COND 13 

71 
•2 
98 
105 
106 
93 
92 
95 
104 
102 
81 
83 

87 
87 
90 
91 
92 
83 
87 
84 
82 
84 
88 
88 
86 
88 

TEST CX)ND «4 

69 
78 
74 

132 
78 
73 
73 

107 
78 
78 
78 
75 
76 
77 
84 
84 
79 
81 
86 
75 
78 
78 
75 
76 
77 
78 
78 
80 
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